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A large part of the success of lithium-ion batteries, the most advanced rechargeable 
batteries in the market today, is based on a sustained continuing effort in materials 
development. The needs for higher energy density, higher power density, lower cost 
and safer electrode materials have in recent years identified phospho-olivine cathodes 
as the substitute for the common, but expensive and environmentally compromising 
LiCoO2-based cathodes. The performance of bulk and unmodified phospho-olivines is 
however limited by a slow electrode kinetics. Although nanosizing and the use of 
surplus surface carbon coating have made noticeable progress in performance 
improvement, they inevitably carry an energy density penalty because of the low 
packing density and the dead weight effect of the carbon coating.  
 
This thesis project is an effort to minimize the compensatory effects in the 
performance improvement of phospho-olivine cathodes. It aims to combine 
composition and structural modifications rationally to fabricate phospho-olivine 
cathodes with high energy, high rate capability, and cycle stability for the lithium ion 
batteries. Specifically engineering of bulk properties (size reduction, substitutional 
doping), surface modifications (controlled thickness, uniformity and quality of carbon 
coating) and nanostructuring (nanocrystallite aggregation, encapsulation of phospho-
olivine in a porous carbon network) were used complementarily to increase the 







This thesis is topically divided into 7 chapters. Chapter 1 establishes the motivation 
and the scope of work in this thesis study.  Chapter 2 is a succinct review of recent 
literature relevant to this research. Our first method of improvement of phospho-
olivines was ultrathin uniform carbon coating of LiFePO4 by pyrolyzing 
polydopamine-coated LiFePO4 (Chapter 3). The carbon content was very low (1 wt%) 
and yet the coated LiFePO4 nanocrystallites demonstrated very high rate performance 
(143 mAh/g at 1700 mA/g) and stable cycling. The good control of carbon coating 
uniformity and thickness was made possible by a self-limiting in-situ surface 
oxidative polymerization of dopamine by the Fe
3+ 
ions on a LiFePO4 surface. We then 
moved on to the design and synthesis of high energy density LiMnPO4 by combining 
Fe substitution, crystallite size reduction and carbon coating (Chapter 4). The 
mechanism of Fe substitution was studied in sufficient detail to provide the guidance 
for future material modifications. The volumetric capacity of Fe-substituted LiMnPO4 
was then increased by assembling the primary nanocrystallites into dense aggregates 
(Chapter 5). The aggregates were also infused in a connected carbon network with 
good porosity and electrical conductivity to provide an effective matrix for mixed 
conduction.  The rate performance and cycle stability of the Fe-substituted LiMnPO4 
aggregates were further enhanced by increasing the quality of the carbon network 
through a nickel-catalyzed process (Chapter 6). The nickel catalyzed process not only 
increased the electronic conductivity of the carbon coating, but also generated 
mesopores in the carbon film for electrolyte perfusion. The conclusions from the 
various projects in this thesis work are then examined collectively in Chapter 7 and 
some suggestions for future work are made.   
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CHAPTER 1  INTRODUCTION 
1. 1 Background 
Concerns for increasingly severe climate have accelerated the development of 
renewable energy such as solar, wind and waves to reduce our reliance on fossil fuels. 
The supply of energy from these renewable sources is however intermittent; and the 
mismatch between energy supply and demand has to be mitigated through the 
installation of energy storage systems. There can also be demand-side intermittency 
caused, for example, by grid-connected plug-in electric or hybrid-electric vehicles 
(PEVs or PHEVs). While there is a myriad of energy storage technologies; utilization 
considerations clearly prefer technologies which can store and release energy in its 
highest energy form; i.e. as electrical energy. Rechargeable batteries are devices 
which enable energy storage and release directly as electricity; by means of highly 
reversible electrochemical reactions. The most advanced rechargeable batteries on the 
market today are the lithium-ion batteries. They have about 2.5 times of the energy 
density of other rechargeable batteries [1]; and are known for their good cycle life, 
absence of memory effects; and high rate performance. Such a strong suite of 
application properties has kept the market dominance of lithium ion batteries (most 
evidently in portable electronic products) since their commercialization by Sony in 
1991 [2]. 
 
A lithium ion battery may contain one or more interconnected battery cells to deliver 
the desired voltage and capacity. There are four major components in a typical battery 





provides a specific function. Electrical energy is stored through spatially separated 
electrochemical reactions by supplying energy to the cell (“charging”) from an 
external electrical power source (“charger”). During charging electrons are moved 
from the cathode to the anode in the external circuit. Concomitantly lithium ions 
migrate from the cathode to the anode through the electrolyte in the cell interior to 
maintain overall charge balance. In a way the low energy electrons in the cathode are 
energized to a higher energy level in the anode and stored there. The reverse process 
occurs during discharge where the higher energy electrons in the anode flow naturally 
“downhill” to the cathode through a load placed in the external circuit.  
 
Scheme 1.1 Schematic of a typical cylindrical lithium ion battery cell (left) and the 
charging mechanism (right).Reprinted with permission from ref. [3]. Copyright from 
Brain, Marshall.  "How Lithium-ion Batteries Work"  14 November 
2006. HowStuffWorks.com.<http://electronics.howstuffworks.com/everyday-
tech/lithium-ion-battery.htm> 26 July 2014. 
The lithium-ion batteries required for EV applications or grid-scale electrical energy 
storage are much larger. Cost, safety and durability considerations; more so than 
performance, weigh in heavily in decision making regarding their suitability. Hence 
despite more than two decades of research, the lithium ion battery technology is by 





The energy density of a battery cell is the product of cell voltage (V) and cell capacity 
(Q). Cell capacity relates to the charge stored in a battery; while cell voltage is the 
difference between the electrode potentials of the cathode and anode. The energy 
density of lithium-ion battery is primarily limited by the performance of the cathode 
material. The calculations from Tarascon et al. showed that a doubling of the capacity 
of the cathode material would increase the cell energy density by 57 %, whereas a ten-
fold increase in the capacity of the anode material would only increase the cell energy 
density by 47 % [4]. Hence the development of cathode materials with greater 
capacity or higher electrode potential for Li
+
 storage/extraction reactions is the most 
effective means to substantially improve the cell energy density.  
 
LiCoO2 and its variants are the most common cathode materials for small lithium ion 
batteries; a trend that persisted since the inception of early lithium-ion batteries [5, 6]. 
However, high cost, chemical instability and associated safety issues of delithiated 
LiCoO2 have diminished the interest in the continued use of this cathode material for 
EVs or other large-scale applications [7, 8]. Since the electrode potential of 
intercalation compounds is dependent on the iono-covalency of the metal-oxygen 




) decreases the iono-
covalency of the metal-oxygen bond, which raises the electrode potential relative to 
the oxide. The strong P-O bonds also increase the structural stability of the cathode 
material. Hence the phospho-olivine (LiMPO4, M=Fe, Mn) family of cathode 
materials first discovered by the Goodenough group has quickly gained traction as the 
cathode material for large-format lithium-ion batteries [9]. The application 





work is still needed to overcome some of the issues unique to the phospho-olivine 
cathodes. 
 
A significant drawback brought about by 34PO
 substitution is a large material band 
gap caused by the inductive effect of 34PO
 , which increases the ionicity of the metal-




 substitution improves chemical stability but also 
decreases electronic and ionic conductivities at the same time. The electronic and 
ionic conductivities of LiMPO4 can be improved by preparing these materials at the 
nanoscale since the time scale for electron and Li
+
 diffusion varies with the square 
root of the crystallite size. These nanocrystallites must additionally be carbon-coated 
so that their rate performance would not be limited by extrinsic electrical resistance 
[10]. The carbon coating also decreases the direct contact between the cathode 
material and the electrolyte to minimize electrode corrosion by aggressive electrolyte 
[11, 12]. The combined use of crystallite size reduction and carbon coating has 
significantly improved electrochemical activity and hence the practicality of LiMPO4 
[13]. However, downsizing the LiMPO4 crystallite size and carbon coating can come 
at a price - Extensive diminution of the crystallites in conjunction with the use of 
electrochemically inactive low density carbon can substantially reduce the volumetric 
energy density of nanocarbon-LiMPO4 composites [14, 15]. There is therefore a need 
to optimize the crystallite size and reduce the carbon coating thickness to mitigate the 
volumetric energy density penalty in nanosizing. The carbon coating can in principle 
be reduced if the carbon coating quality (conductivity and uniformity of coverage and 
porosity) is high. In addition, the use of mischemetal (e.g. mixing of Fe and Mn) in 
the LiMPO4 framework can also increase the energy density of LiFePO4 by up to 20 





Fe and Mn in the LiMPO4 framework is not fully understood. A detailed examination 
of the improved performance can lead to a better understanding of the mechanism and 
contribute to the further improvements of phospho-olivines. The assembly of 
nanocrystallites into micrometer sized aggregates can also be an effective means to 
increase the volumetric energy density [16]. However, the assembly of 
nanocrystallites needs to be carefully controlled to provide connectivity of porosity in 
the aggregate structure for Li
+
 diffusion. The assembly also needs a contiguous 
coating of conductive carbon as embed current collectors in the aggregate structure. 
Finally convenient methods of preparation must also be developed to translate the 
design into actual materials for testing. The objective of this thesis is to improve the 
usability of LiMPO4 cathode materials through rational materials design and synthesis. 
The detailed activities in this thesis project are outlined in the next section.  
1. 2 Objectives and scope 
This thesis is aimed at increasing the rate performance, energy density and cycle 
stability of LiMPO4 cathode materials. Hence, the design and synthesis of LiMPO4 
cathode materials with the desired improvements are the main objective of this thesis. 
The emphasis is on the engineering control of crystallite size, elemental substitution, 
carbon coating, and nanocrystallite aggregation. This is accompanied by several 
mechanistic investigations aiming to gain further insights for design and synthesis 
improvements. The chapters of this thesis are arranged in the order of cathode 
materials of increasing energy density; from a new method of carbon-coating 
LiFePO4 to finally high quality carbon-embedded LiMn0.87Fe0.13PO4 aggregates. The 
following are highlights of some of the original approaches to material modifications 





1. Concurrently high rate performance and high energy density of LiFePO4 were 
achieved by keeping the conductive carbon coating on LiFePO4 to a very thin 
layer (1 – 2 nm, in order to reduce the use of inactive carbon which carries an 
energy density penalty) but maintained full and uniform coverage on the 
LiFePO4 crystallite surface. Conventional carbon deposition methods (carbon 
chemical vapor deposition, decomposition of a sugar coating and etc.) lack 
good control of carbon film thickness and uniformity because of the weak 
physical bonds between carbon and the substrate. We made use of the redox 
reaction between dopamine and surface Fe
3+
 on LiFePO4 to form a self-
limiting chemically bonded carbon film which was ultrathin, uniform in 
thickness and highly conductive.  
 
2. The electrochemical activity of LiMnPO4 was increased by a controlled 
substitution of Mn
2+
 ions by Fe
2+
 ions. The resultant LiMn1-xFexPO4 
nanocrystallite coated with nanoscale carbon has the promise of a high energy 
density cathode material. The mechanism of Fe
2+
 substitution of LiMnPO4 
was also studied to gain a better understanding of the electrochemistry of co-
substituted LiMn1-xFexPO4 and to provide performance enhancement 
guidelines and  strategies.  
 
3. A facile precipitation method was developed to produce LiMn1-xFexPO4 as 
aggregated nanocrystallites to increase the material bulk density, and 
consequently the energy density of the cathode. A continuous carbon network 
was used to electrically integrate the nanocrystallites and assimilate the 





volumetric energy density but also reduced the amount of carbon needed to 
electrically integrate the nanocrystallites. Analysis of the experimental results 
resulted in some useful guidelines for the design and synthesis of high energy 
density phospho-olivine cathode materials. 
 
4. A novel nickel catalyzed graphitic carbon network was also used as a highly 
conductive medium for embedding the LiMn1-xFexPO4 aggregates. The 
mechanisms of nickel catalysis of carbon graphitization and of pore formation 
in the carbon film were investigated. The high quality of such a carbon 
network was confirmed by different analytical techniques. This catalytic 
process can provide a universal method for improving the electronic and ionic 





CHAPTER 2  Literature Review 
This chapter provides a succinct account of the major topics relevant to this research. 
It begins with a summary of the electrochemistry of LiMPO4, followed by a quick 
review of their physical properties, phase behavior, phase transformation and charge 
transport mechanisms. The chapter closes with a discussion of the strategies for 
improving the practical performance of LiMPO4 based on the current understanding 
of their electrochemistry and phase behavior. 
2. 1 Electrochemistry of LiMPO4 
The electrochemistry of LiMPO4 as the cathode of rechargeable lithium-ion batteries 
is commonly evaluated in a Li | LiPF6 (1M) | LiMPO4 battery cell where LiPF6 (1M) 
is the electrolyte and Li metal is the anode. The Li metal in this cell configuration 
serves as both counter and reference electrodes. The charge and discharge reactions of 
a LiMPO4 cathode may be summarized by Equation 2.1. In the charge half reaction, 
Li
+
 and electron are extracted from LiMPO4 to leave behind the oxidation product 
MPO4. The process is reversed in the discharge reactions where Li
+
 and electrons are 
reinserted into MPO4 to reform the LiMPO4 phospho-olivine. The electrode potential 
where the cathode reaction occurs depends on the choice of M (3.45 V vs Li
+
/Li for 
LiFePO4 and 4.1 V vs Li
+
/Li for LiMnPO4). All electrode potentials in this thesis are 
cited with respect to the Li
+
/Li reference, unless otherwise stated.   
Cathode:                                             2.1 
The key performance indicators of a LiMPO4 material are: (1) specific capacity 





stored/retrieved per unit volume); (3) specific energy density; (4) volumetric energy 
density; (5) rate performance (chargeability at different current densities); (6) cycle 
stability; and (7) coulombic efficiency (discharge specific capacity/charge specific 
capacity). The definitions of these terms are given in Table 2.1. 
Table 2.1 Definitions of key performance indicators 
 







 (LiFePO4: 170 mAh/g; LiMnPO4 171 mAh/g) 
specificQ , specific capacity; n, number of 
electrons transferred; F, Faraday 








(LiFePO4 ~ 600 mAh/cm
3; LiMnPO4 ~ 580 mAh/cm
3) 
volumetricQ , volumetric capacity; n, 
number of electrons transferred; F, 

















(LiFePO4 ~ 580 mWh/g; LiMnPO4 ~ 700 mWh/g) 
SpecificE , specific energy density; Q, 
capacity; V, voltage of the electrode; M, 
















 (LiFePO4 2000 mWh/cm
3; LiMnPO4 2400  mWh/cm
3) 
VolumetricE , volumetric energy density; 
Q, capacity; V, voltage of the electrode; 
Vmolar, molar volume of LiMPO4 
Rate performance Capacity at different current densities (denominated in C 
rate; 1 C = 170 mA/g,  nC = n×170 mA/g) 
- 












 CE, Coulombic efficiency; 
argdisch eQ , 
discharge capacity; 







2. 2 Physical properties of LiMPO4 
LiMPO4 phospho-olivines are orthorhombic in structure with the space group Pnmb,  
as shown in Figure 2.1[17]. There are two sets of tetrahedra in the structure; the M1 
tetrahedra (the light green tetrahedra in Figure 2.1) with Ī symmetry and the M2 
tetrahedra (the dark green tetrahedra in Figure 2.1) with mirror symmetry. For 
LiFePO4, the unit cell parameters are a = 10.338(1) Å, b = 6.011(1) Å and c = 4.695(1) 
Å with Li
+
 on the M1 sites and Fe
2+
 on the M2 sites [18]. The edge shared LiO6 
tetrahedra align along the b ([010]) direction and form a continuous lithium 
diffusional channel along the [010] direction. The corner shared FeO6 tetrahedra are 
slightly distorted because of edge sharing with the PO4 tetrahedra. The PO4 tetrahedra 
interpose between neighboring planes of alternating LiO6 and FeO6 tetrahedra. The 
rigid PO4 tetrahedra not only distort the FeO6 tetrahedra, but also increase the average 
Fe-O bond length due to the strong inductive effect of  P
5+
.[18] The increased Fe-O 
bond length and the insertion of PO4 groups decrease the crystallite density relative to 





The high valence P
5+
 in the PO4 tetrahedra drain electrons from O
2-
 and reduces the 
electron density on O
2-
. The consequence is that covalent character of the Fe-O bond 
is reduced and the ionicity of the Fe-O bond is increased. The reduced covalent 
character results in a higher energy barrier for electron conduction and hence LiFePO4 
has rather poor electronic conductivity. On the other hand, the increased ionic 




 electrode potential to ~ 3.4 V vs Li
+







Figure 2.1 Crystallite structure of phospho-olivine LiFePO4 viewed from the [001] 
direction. Reprinted with permission from ref. [1]. Copyright 2001, Nature Publishing 
Group. 
LiMnPO4 is isostructural with LiFePO4 and has a similar crystallite density of 3.4 
g/cm
3




 redox couple (~ 4.1 V vs 
Li
+
/Li electrode) offers the prospect of a 20 % increase in energy density from 
LiFePO4 [21]. However, due to a stronger localization of electrons and holes [22, 23] 
which slows Li
+
 diffusion; and the greater mismatch between LiMnPO4 and MnPO4 
phases, the reaction kinetics of LiMnPO4 is much more languid than LiFePO4 [24]. 
Hence the use of LiMnPO4 as a high energy cathode material depends on a significant 
improvement of its lithiation-delithiation kinetics.   
 
The improvement of the kinetics of LiMPO4 in lithiation and delithiation requires a 
good understanding of their phase behavior, reaction mechanism and the conduction 
mechanisms for electrons and Li
+
. The next section will review the lithiation and 
delithiation phase diagram, the mechanisms of electron and Li
+
 conduction in the 
phospho-olivine lattice; and phase transformations under equilibrium and non-





2. 3 Phase behaviour and charge transport properties of LiMPO4 
2.3.1 Phase diagram 
The voltage plateaus in charging and discharging of LiFePO4 are associated with a 
two-phase reaction represented by Equation 2.2. Delithiation increases the FePO4 
phase at the expense of the LiFePO4 phase [9]. The intermediate composition 
LixFePO4 (0<x<1) is simply an apportioned mixture (as determined by the x-value) of 




PO4 contain very 
few charge carriers (electrons/holes) for charge conduction; and as a result pristine 
LiFePO4 is fairly poor in rate performance. The phase behavior of LixFePO4 was also 
examined theoretically. Zhou et al. reported “a significant failure of local density 
approximation (LDA) and generalized gradient approximation (GGA) to reproduce 
the thermodynamics and phase stability of mixed-valent LixFePO4 compounds” [25]. 
Both GGA and LDA predicted qualitatively a negative energy of formation for phase 
separation, suggesting that the mixed-valent LixFePO4 should be stable as a single 
phase at room temperature. The calculation results are clearly inconsistent with the 
experimental observation of LixFePO4 demixing into LiFePO4 and FePO4 phases. The 
failure of the theory could be attributed to strong correlation effects. Since LDA and 
GGA completely delocalize the d electrons, all Fe ions are equivalent in LixFePO4. 







LiFePO FePO heterosite Li e    2.2                                  
Ironically it was the failure of Zhou’s calculation that resulted in the discovery of 
temperature driven formation of LixFePO4 solid-solution (Figure 2.2) for 0≤x≤1 by 





phases in a series of xLiFePO4/(1-x)FePO4 mixtures. At room temperature, all 
mixtures showed two sets of X-ray diffraction (XRD) patterns corresponding to the 
LiFePO4 and FePO4 phases. The two sets of XRD patterns started to move towards 
each other with the increase in temperature and finally merged into one common 
pattern at 350 
o





 and disordered Li
+
 distribution. The disappearance of phase 
separation in LixFePO4 at temperatures higher than 350 
o
C could be attributed to the 




 when the thermal energy of the 
electrons (kT) was high enough to overcome electron/hole localizations. The 




 to form 
single-phase LixFePO4. This study also discovered two metastable intermediate 
phases Li0.75FePO4 and Li0.5FePO4 on cooling the single-phase LixFePO4 from 350 
o
C 
to room temperature. These two metastable phases, however, quickly disappeared 
after aging at room temperature. Similar metastable phases have also been detected 
during high rate charging and discharging by Orikasa et al [27]. and they too 





 mixing could transform the insulating two phase mixture of xLiFePO4/(1-
x)FePO4 into a single phase mixed-valent conducting solid solution LixFePO4, the 







Figure 2.2 Phase diagrams of LixFePO4 (0<x<1) from temperature-controlled 
XRD data. Reproduced with permission from ref. [26]. Copyright 2005, Nature 
Publishing Group.  
The existence of mixed-valent solid-solution LixFePO4 at high temperature does not 
provide a practical solution for room temperature batteries. This naturally led to the 
question whether mixed-valent solid-solution LixFePO4 could exist or is there a 
miscibility gap in the LiFePO4/FePO4 biphasic system at room temperature. This 
question was answered by Yamada et al. who discovered two solid-solution regions 
outside the miscibility gap in the LiFePO4/FePO4 binary system [28]. They discovered 
two mixed-valent intermediate solid-solution phases LiαFePO4 (α=0.05) and Li1-
βFePO4 (β=0.11). Outside the solid-solution regions of 0≤x≤α and 1-β≤x≤1, LixFePO4 
is a mixture of LiαFePO4 and Li1-βFePO4 phases. The equilibrium electrode potential 
in the solid-solution regions is Li
+
 concentration dependent, but it remains constant at 
3.45 V inside the miscibility gap. Charge carriers (electrons for Fe
2+
 or holes for Fe
3+
) 
are available in the solid-solution regions for electron conduction. This study started a 
new wave of investigating the phase behavior of LixFePO4 at room temperature. 





( 0.15 0.79 0.06 1 0.10 0.9 2 4( ) ( )M MLi Fe Fe PO  with 15 % Li
+
 vacancy and 10 % Fe
2+
 vacancy 
and 6 % FeLi˙ defects for the 40 nm crystallitelites) that affect the miscibility gap in 
LixFePO4 were later identified by several research groups [29-32].  
 
The Chiang group in 2007 found that the miscibility gap α<x<1-β decreases with the  
diminution of crystallite size to the nanometer region; and with increasing 
temperature for a given crystallite size [30]. Another finding from the same group was 
that aliovalent doping also reduced the miscibility gap [31]. The narrowing of the 
miscibility gap was attributed to strain accommodation upon lithiation/delithiation. 
Later in 2008,  the Yamada group reported the isolation of solid-solution phases in 
LixFePO4 with controlled crystallite sizes [29]. Perhaps the most significant 
advancement to the narrowing of miscibility gap was made by the Masquelier group 
in 2008 [32]. They completely eliminated the miscibility gap through the combination 





 anti-site defects (the defects formed by exchanging the 
positions of different types of atoms in an ordered structure) expanded the solid-
solution region throughout the entire domain; i.e. single-phase LixFePO4 for 0≤x≤1. 
As a result, the electrode equilibrium potential was no longer a voltage plateau but a 
sloping curve throughout. This study is a significant contribution to the manipulation 
of the phase behavior of LixFePO4. Although the resultant mixed-valent LixFePO4 
supported faster electron transport, the blocking of Li
+
 diffusional channels by anti-
site defects hindered Li
+
 transport. The overall effect was limited specific capacity 






To conclude, the phase diagram of LiFePO4/FePO4 is dependent on several factors. 
The intermediate composition LixFePO4 can either be a two-phase mixture or a single-
phase solid-solution. Generally, there are two solid-solution regions 0≤x≤α and 1-
β≤x≤1. The factors which affect α and β include i) temperature; ii) crystallite size and 
iii) defects. Increase in temperature increases both α and β until the two solid-solution 
regions converge. Decrease in the crystallite size or increase in the concentration of 
anti-site defects also increase both α and β. Since the expansion of the solid-solution 
region increases the carrier density for charge transport, the insight from the phase 
diagram study is that the design of LiFePO4 should focus on crystallite size reduction 
and defects control.  
2.3.2 Electron conduction and Li+ diffusion 
The Li
+ 
diffusional trajectory in LiFePO4 has been both theoretically and 
experimentally confirmed as migration in the [010] tunnels through a continuous 
chain of edge-sharing LiO6 tetrahedra [33]. There are three possible pathways (Figure 
2.3) for Li
+
 hopping: A, movement along chains of edge-sharing LiO6 tetrahedra (M1 
sites); B, movement between LiO6 chains in the b-c plane and C, movement between 
chains in neighboring b-c plane. Using first-principles calculations, Islam and 
coworkers concluded that pathway A (hopping between neighboring octahedral M1 
sites along the same LiO6 chain) is the lowest energy path for Li
+
 diffusion (see Table 
2.2 for the calculated energies of Li
+
 migration) [34]. Li
+
 diffusivities in the other two 
pathways are more than ten orders of magnitude lower. The much higher energy 
barriers for inter-chain and inter-plane movements than intra-chain diffusion indicates 
that the formers make no significant contributions to Li
+
 conduction. The preferred 
diffusion of Li
+





neutron diffraction [33]. In that study, the diffusion path was a curved trajectory along 
the edge-sharing LiO6 chains as shown in Figure 2.4. The calculated diffusivities for 
LiMPO4 are of the order of 10
-7
 – 10-8 cm2/s for M = Fe and 10-7 -10-9 cm2/s for M = 
Mn [35]. These values are several orders of magnitude higher than the experimentally 









on the states of charge [36, 37]. The reasons for this discrepancy will be discussed 
later.  
 
Figure 2.3 Li+ migration paths in a LiFePO4 unit cell. Path A, [010] direction; 
path B, [001] direction and path C, [101] direction. Reprinted with permission from 
ref. [34]. Copyright 2005, American Chemical Society.  
Table 2.2 Energies of Li+ migration in LiFePO4. Reprinted with permission from 
ref. [34]. Copyright 2005, American Chemical Society. 
 
Mechanism Path Li-Li separation (Å) Migration energy (eV) 
A path [010] 3.01 0.55 
B path [001] 4.67 2.89 







Figure 2.4 Anisotropic diffusion of Li+ in LiFePO4 shown as green thermal 
ellipsoids and the expected diffusion paths. The expected diffusion paths, which are 
curved one-dimensional continuous chains of Li
+
 motion, are drawn as dashed lines to 
show how the motions of Li
+
 evolve from vibrations to diffusion. Reprinted with 
permission from ref. [33]. Copyright 2008, Nature Publishing Group.  
Electron conduction, the counterpart of Li
+
 conduction, is equally important to the 
lithiation and delithiation kinetics of LiMPO4. The electron conductivity reported for 
LiFePO4 ranges from 10
-10
 S/cm to 10
-5
 S/cm [38-40]. The conductivity of LiMnPO4 
is several orders smaller; due to a lower carrier density, stronger polaron localization 
and the Jahn-Teller distortion of Mn
3+
 [22, 41]. Some researchers have concluded that 
LiFePO4 is basically an insulator with a band gap as large as 3.7 eV [41]. The band 
gap for LiMnPO4 is even larger, with calculated values between 3.8 eV and 4 eV 






In the presence of excess charge carriers such as electrons or holes; the ions in a polar 
crystallite surrounding the excess charge carriers are polarized and displaced to 
induce local distortions. The displacement of the ions becomes more pronounced 
when the charge carriers are localized. The quasi-particles formed by electrons and 
their induced lattice distortions are known as the polarons. It is now generally 
accepted that electrons are transported through the migration of heavily localized 
small polarons [22, 43]. The degree of polaron localization determines how fast the 
polaron transmits. The higher the degree of electron/hole localization, the slower the 
polaron transmits. Therefore, the electronic conductivity of LiMPO4 is correlated 
positively with the concentration of the polarons (carriers) and the speed of polaron 
migration.  
2.3.3 Coupled Li+ and polaron motions   
Most of the early theoretical studies predicted a small activation energy barrier for 
polaron hopping and Li
+
 diffusion [34, 35, 42]. The calculated results are significantly 
different from experimental findings which showed a very large activation energy 
barrier [22, 44]. By comparing the GGA/LDA and GGA+U/LDA+U methods, Ceder 




 interaction term to account 
for the observed large energy barrier [25]. GGA+U/LDA+U calculations that included 




 then agreed well with the experimentally large 
activation  energy barriers for both polaron hopping and Li
+
 diffusion. The calculation 




 coupling. The strong 
Li
+
 - polaron coupling was also verified experimentally by Ellis et al. using 
Mossbauer spectroscopy study [43]. The strong binding energy between Li
+
 and 
polarons implied coupled Li
+





explain why the measured Li
+
 diffusivity and electron conductivity are significantly 
lower than the calculation results which do not consider the Li
+
 - polaron coupling.  
2.3.4 Phase transformation 
The phase transformation between LiMPO4 and MPO4 inevitably involves the 




 and VLi- - M
3+
 binding 
energies are the driving force behind the nucleation of a new phase in the mother 
phase [34, 45]. The nucleation of LiMPO4 in MPO4 during discharge can be perceived 














 pairs increases the bond length difference between M
2+
 - O and M
3+
 - 
O and also the strain between the clusters and the mother phase. The clusters are 
eventually extruded from the MPO4 phase as a new LiMPO4 phase due to strain 
accumulation. Conversely, the clustering of VLi- - M
3+
 during charging accumulates 
strains and extrudes MPO4 as a new phase from the LiMPO4 phase. The growth of 
new phase requires the movement of the LiMPO4/MPO4 phase boundary. Thus, 
nucleation rate and the velocity of phase boundary movement are factors that 
determine the rate of phase transformation in a phospho-olivine single crystallite.  
2.3.4.1 Equilibrium phase transformation 
According to the phase boundary movement theory (Figure 2.5), the LiMPO4/MPO4 
interface lies in the (100) plane and moves in the [100] direction. The delithiation of 
LiMPO4 results in the development of an angle between the phase boundary and the 
(100) plane. The magnitude of the angle depends on the relative rates of nucleation 
and delithiation. The angle approaches zero when the rate limiting step is nucleation 







when nucleation is much faster than delithiation. In this case the surface of the 
crystallite is delithiated first (and the interior much later) and the phase boundary 
movement is the limiting factor.  The phase boundary movement model highlights the 
necessity to reduce the crystallite size so that Li
+ 
diffusion is not limiting the rate of 
delithiation.  
 
The delithiation of large crystallites is considerably slower than the nucleation due to 
slow Li
+
 diffusion and long diffusion path length. The rate limiting factors are the 
velocity of phase boundary movement (related to electron and Li
+
 conduction) [46, 
47]. Delithiation proceeds as waves of moving phase boundaries on the crystallite 
surface [47].  
 
Figure 2.5 Lithium concentration in a half-lithiated particle upon insertion with 
= (a) 10
-4
 and (b) 1. (c) Dependence of phase boundary inclination angle  on the 
dimensionless Li-surface insertion rate constant. Lithium intercalation becomes 
surface reaction controlled as 0  and bulk diffusion controlled as   . 
Reprinted with permission from ref. [47]. Copyright 2011, American Chemical 
Society.  
For small crystallites where delithiation is faster than nucleation, the delithiation of a 
LiMPO4 single crystallite is described by a “domino-cascade model” (Figure 2.6) 
instead [48]. Once the nucleation of a new phase occurs, the rest of the Li
+
 will be 





domino-cascade model suggests that the improvement of their rate performance 
should focus on increasing the nucleation rate (through a greater population of 
nucleation sites and faster nucleation by better electron/ion conduction).   
 
Figure 2.6 Schematic view of the “domino-cascade’ mechanism for the Li+ 
intercalation and deintercalation mechanisms in LiFePO4 crystallites. a, Schematic 
showing a view of the strains occurring during lithium deintercalation. b, Layered 
view of the lithium deintercalation/intercalation mechanism in a LiFePO4 crystallite. 
Reprinted with permission from ref. [48]. Copyright 2008, Nature Publishing Group.  
2.3.4.2 Non-equilibrium phase transformation 
The non-equilibrium phase transformation of LiMPO4/MPO4 is significantly different; 
depending on the overpotential and the applied current density. The phase 
transformation could vary from a two-phase reaction (equilibrium phase 
transformation) to quasi-one-phase reaction to one-phase solid-solution reaction (non-
equilibrium phase transformation). The switchover from a two-phase reaction to a 
single-phase reaction can occur with only a small overpotential or a sufficiently high 
current density. The calculation of Ceder et al. shows a single-phase transformation 
pathway for LiFePO4 can be available at very low overpotentials (~ 20 mV below the 





potential (3.45 V) for charge) or at high rates [49]. This pathway allowing the 
LiFePO4 system to bypass the sluggish nucleation and growth processes is, however, 
metastable. The metastable phase will demix into a two-phase mixture xLiFePO4/(1-
x)FePO4 upon the removal of the overpotential or current.  This theory of metastable 
single phase transformation pathway was confirmed by the discovery of metastable 
intermediate phases during the high rate charge and discharge of LiFePO4 electrodes 
[27]. The calculations of Peng et al. using the phase-field model also indicates a 
change in the phase transformation pathway from two-phase to quasi-single phase to 
single phase upon increasing the current density [50]. These theoretical studies 
corroborated the existence of metastable pseudo-/single-phase reaction pathways 
under non-equilibrium conditions. The mixed-valent solid-solution LixFePO4 far from 
equilibrium could avert sluggish phase boundary movements to support more facile 
lithiation/delithiation. The existence of a solid-solution reaction pathway at low 
overpotentials suggests that LiMPO4 can be an intrinsically high rate electrode 
material if used under these conditions.  
 
In summary, research over the years have established the existence of i) solid-solution 
LixMPO4 (0≤x≤1) at temperatures above 350 
o
C; ii) a miscibility gap at room 
temperature, including solid-solution domains at 0≤x≤α and 1-β≤x≤1; iii) a one 
dimensional Li
+
 diffusion channel along the [010] direction; iv) coupled Li
+
/electron  
polaron transport; v) equilibrium phase transformation of nanocrystallites where 
nucleation is rate-limiting and growth is facile with phase boundary movement along 
the [100] direction. vi) pseudo-single/single phase transformation of LixMPO4 under 
non-equilibrium conditions. Several strategies can therefore be developed to enhance  





behavior. These strategies, which include lattice doping, crystallite size reduction, 
carbon coating and crystallite ordered assembly, are the topics of discussion in the 
next section. 
2. 4 Performance enhancement strategies 
2.4.1 Lattice doping 
Since the lack of carriers is one of the main reasons for the sluggish electron transport 
in phospho-olivine nanocrystallites, aliovalent doping can be a most direct solution to 
increase the carrier density. The pioneering work (Figure 2.7) of Chiang et al. showed 
eight orders of magnitude improvement of the LiFePO4 electronic conductivity by 








) [51]. The increase in conductivity was 
explained as the stabilization of solid-solution with Li
+
 vacancies by cation doping of 
the Li
+
 sites. This mechanism allows charge compensation of Li
+
 vacancy by Fe
3+
 and 









1 1 4x xLi Fe Fe PO
 
   (where   is Li
+
 vacancy) can therefore be regarded as a 
p-type semiconductor. After this study, there were many reports of good 




 sites (see Table 2.3 for the 
performance of some doped LiFePO4) [52-60]. 
 
However, there were intense debates on whether supervalent ions could be doped into 
the rigid phosphate lattices [61, 62]. Later studies based on direct atomic resolution 
imaging or theoretical calculations confirmed the possibility of aliovalent doping [63, 
64]. Others led by Revat et al. suggested that the performance improvement seen by 





argued on grounds of the instability of non-stoichiometric 3 21 1 4  x x xLi Fe Fe PO
 
  that 




 sites is unlikely. Instead, they attributed the conductivity 
enhancement to the carbon residues from the organometallic dopant precursors. An 
atomic-scale investigation of defects and dopants by Islam et al. reported that 
energetics of doping is favorable only for divalent doping of Fe
2+
 sites [23, 34]. The 










 sites seem to back the aliovalent doping theory [52, 53, 59, 65]. The 
work from the Whittingham group showed that doping with supervalent vanadium ion 
could increase Li
+
 solubility in LixFePO4, decrease the lattice mismatch between the 
two end members; the heterosite (FePO4) and triphylite (LiFePO4) phases, and 
possibly contribute to both facile Li
+
 diffusion and electron conduction [66]. A later 
report from the same group also confirmed the lowering of the temperature for single-
phase LixFePO4 formation in 0≤x≤1 from 300 
o
C to 200 
o
C by vanadium substitution 
[67]. The Arumugam group also found that the amount of vanadium doping depends 
strongly on the synthesis method and heat treatment temperature [68]. For example, 
using a microwave assisited solvo-thermal method, they demonstrated as high as 20 % 
of vanadium can be doped to LiFePO4 as compared to only 10 % by conventional 
solid state reaction method. They also found that the high concentration of vanadium 
was metastable. Vanadium would be extruded partially from the olivine lattice at 
temperature higher than 625 
o
C. The expanded single-phase region was used to 
explain the enhanced kinetics of vanadium substituted LiFePO4. Similar studies from 
the Chiang group using aliovalent doping also suggested reduced Li
+
 miscibility gap 






Figure 2.7 Room temperature electronic conductivity of doped phospho-olivines 
Li1-xMxFePO4 showing a factor of ~ 10
8
 improvements over undoped LiFePO4. 
Reprinted with permission from ref. [51]. Copyright 2002, Nature Publishing Group.  
The enhancement of electronic conductivity and Li
+
 diffusivity by Li
+
 site doping 
comes with the risk of increased blockage of the Li
+
 diffusion channels. The diffusion 
of Li
+
 may be further hindered by the binding and clustering of Li
+
 vacancies and 
dopants [34, 43]. Therefore, the amount of dopant has to be optimized and the optimal 































Ti4+ 3 200 10 4 700/8h 130@0.1C 
110@1C 
[56] 




Zn2+ 1 - 5 5 750/15h 133@0.1C 
80@1C 
[69] 
Mg2+ 5 50-100 10 - 850/15h 159@0.2C [70] 





The success of LiFePO4 doping generated similar interest in LiMnPO4 doping for 

















 have been attempted by 
many groups [52, 66, 72-86]. Multi-element doping was also investigated for the 
improvement of reaction kinetics [45, 87-90]. Aside from cationic doping, anionic 
doping has also been explored [91, 92]. However, many of them only showed limited 
improvement of the LiMnPO4 kinetics. The most effect dopant to date is Fe
2+
, which 






























Fe2+ 15 20-200 7.5 ~30 500/1h 163@ 0.05C 
140@1C 
[66, 93]  
Gd2+ 5 350 15 - 700/20h 60@0.05C [56, 94] 
Co2+ 5 50-150 20 3.9 600/5h 124@0.1C [55, 83] 
Cu2+ 2 100 10 2.4 600/1h 120@0.1C [69, 73] 
Mg2+ 1 50-100 0 25 900/1h 135@0.2C [70, 95] 
Zn2+ 2 200 10 ~3 700/10h 135@0.1C [71, 96] 
 
LiMnPO4 and LiFePO4 are isostructural phospho-olivines. Together with the small 




, they are able to form LiFe1-yMnyPO4 
(0≤y≤1) solid solutions. There are two potential plateaus around 3.5 V and 4.1 V 




 redox couples respectively, and a slopping 





yFeyPO4 reduces the electron density on Fe
2+
 and increases the electron density of 
Mn
2+
. Consequently the Fe
3+/2+
 plateau of LiFe1-yMnyPO4 is higher than that of 
LiFePO4 and the Mn
3+/2+
 plateau of LiFe1-yMnyPO4 is lower than that of LiMnPO4. 
The Monte Carlo simulations of Malik et al. suggest two low temperature miscibility 
gaps separated by a solid-solution region at around x=y of LixFe1-yMnyPO4 [97]. As 





 substitution. Hence Fe
2+
 substitution expands the single-
phase reaction region, the Li
+
 channels, and decreases the electron localization on 
Mn
2+





to LiMnPO4. Good progress has been made over the years by following this guidance 
on cationic doping. For example, Oh et al. synthesized LiMn0.85Fe0.15PO4 by solid 
state reaction and precipitation and reported good capacity (163 mAh/g at 0.05 C) [93, 
98, 99]. Zhong et al. used a rheological phase reaction to synthesize LiMn0.5Fe0.5PO4 
with a capacity of 138 mAh/g at 0.1 C rate. These examples confirm the effectiveness 
of Fe substitution in improving the reaction kinetics of LiMnPO4 cathodes. 
 
Figure 2.8 Phase diagram of Lix(Fe1-yMnyPO4) system at 300 K. Squares denote 
the boundaries between phase separated and single-phase regions. Region (a) 




 couple; Region (b) 




 couple (shaded 




 couple (unshaded); Region (c) corresponds to a two-phase 




 couple. Circles correspond to the boundary 




 couple as 
determined experimentally by Yamada et al. [100] The dashed line denotes an 









. Reproduced with permission from ref. [100]. Copyright 2009, 
American Physics Society.  
Despite the abovementioned developments in LiFe1-yMnyPO4, there are still 
improvements to be made in the areas of rate performance, volumetric capacity and 
cycle stability for actual applications. The Fe
2+
 substitution of LiMnPO4 needs to be 





performance of LiFe1-yMnyPO4. These techniques are discussed in the following 
sections.  
2.4.2 Size reduction 
Size diminution is a common strategy to improve the kinetics of LiMPO4. One reason 
is the shorter Li
+
 and electron diffusion paths in smaller crystallites, the other reason 
is the decrease in the fraction of Li
+
 channels blocked by defects in the channels 
(Figure 2.9).  
 
Both computational and experimental studies have established the one dimensional 
Li
+
 channels in the [010] direction. A large discrepancy exists, however, between  the 
calculated  diffusivity (D ≈ 10-8 cm2/s) [35] and the measured diffusivity (10-12 – 10 -16 
cm
2
/s) [36] for LiFePO4. Aside from the electron-Li
+
 binding which results in the 
lowering of Li
+
 diffusivity, there are also contributions from the defects residing in 
the Li
+
 diffusion channels. These defects include the Li
+
 – Fe2+ anti-site defects. 
Normally, the proportion of blocked channels increases with the increase in crystallite 
size. Malik et al. found that the unblocked capacity of LiFePO4 as a fraction of 
theoretical capacity is a function of crystallite size and defect concentration (see 
Figure 2.9) [101]. The blockage situation is worse with the increase in defect 
concentration. Malik’s calculations showed that LiFePO4 could barely retain 10 % of 
its theoretical capacity when the defect concentration was increased to 1% for 100 nm 
LiFePO4 nanoparticles. The strong binding of Li
+
 vacancies and M
2+
 on the Li
+
 sites 
also traps the migration of Li
+
 vacancies. Since trapping of Li
+
 vacancies introduces 
further energy barrier to Li
+
 migration, a low Li
+







Figure 2.9 Expected unblocked capacity vs channel length in LiFePO4 for various 
defect concentrations. Reproduced with permission from ref. [102]. Copyright 2010, 
American Chemical Society.  
Among the top-down and bottom-up methods which have both been adopted to form 
nanocrystallite line LiMPO4,(Table 2.5) the solid state reaction approach is the most 
frequently used synthesis procedure [103-109]. This process involves generally the 
milling of Li2CO3 or LiCH3COO·2H2O, MC2O4·2H2O  (M=Fe, Mn) and NH4H2PO4, 
followed by calcination above the crystallization temperature [103]. The milling step 
breaks up the precursors into nanoscale pieces and reduced the crystallization 
temperature. The classical solid-state reaction has evolved into several variants 
including carbothermal reduction method and surfactant-assisted solid state reaction. 
Carbothermal reduction uses Fe2O3 as the Fe source and carbon particles as the 





LiFePO4 is subsequently crystallized. The carbothermal reduction process uses low 
cost raw materials and can easily be scaled up for volume production.[105] Chen et al. 
reported the synthesis of 100 – 200 nm LiFePO4 by a lauric acid-assisted solid state 
reaction; and a very impressive rate performance (112.4 mAh/g at 30 C rate).[104].  It 
was assumed that the surfactant (lauric acid) functions as a dispersant to inhibit 





by a molten hydrocarbon assisted solid-state reaction [110]. Their nanocrystallite 
LiMnPO4 delivered 117 mAh/g capacity at 1 C rate. Although solid-state reactions 
have the advantages of low cost, and process simplicity, their disadvantages are non-
uniform products and low process reproducibility. 
Table 2.5 Comparison of the performance of LiMPO4 prepared by different 
synthesis methods 
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(LiMn0.5Fe0.5PO4) 






The solution processed bottom-up methods offer much better control of crystallite 
size and uniformity. Hydrothermal synthesis, with the advantage of low temperature 
synthesis, was one of the earlier bottom-up methods in the synthesis of LiMPO4. The 
Whittingham group was the first group to report the hydrothermal synthesis of 
nanocrystallite LiFePO4 [118, 119]. However, these early studies on hydrothermal 
synthesis of LiFePO4 achieved limited success due to lack of understanding of the 
synthesis conditions on defect formation. The later studies from Liu et al. and Chen et 




 anti-site defects (up to 7 %)  in 
hydrothermally synthesized LiFePO4 [120, 121]. These defects accounted for the 
weak performance of the earlier synthesized products. The highly defective materials 
could only achieve capacity of 80 mAh/g even at 0.05 C rate [121]. Through careful 
control of pH, synthesis temperature, and post annealing, these structural defects can 
be reduced or eliminated. Good progress was made by Qian et al. using citric acid as 
the chelating agent and heating at 180 
o
C under hydrothermal conditions [112]. The 
product was micron sized spherical assembly of ~ 100 nm nanocrystallites. The 
microspheres exhibited excellent tap density (1.4 g/cm
3
) and high rate performance 
(115 mAh/g at 10 C rate).  The hydrothermal method was also extended to 
solvothermal synthesis using various organic solvents such as glycols, polyethylene 
glycol, dimethyl formamide, and etc. The variety of solvents with different chemical 
properties provided a fine control of the morphology [115, 122-125]. Wang et al. 
reported the polyol synthesis of 30 nm LiMnPO4 [126] and found that the high 
viscosity of diethylene glycol could prevent crystallite growth during the 
crystallization of LiMnPO4. The synthesized nanocrystallites were anisotropic with a 





C at room temperature and 60 
o
C respectively.  95 % of its capacity was also retained 
for 200 cycles. 
 
Precipitation is another frequently used solution-based method of preparation. 
Delacourt et al. reported the direct precipitation of LiMnPO4 through pH control.[127] 
Fine LiMnPO4 nanocrystallites (~ 100 nm) could be synthesized under this controlled 
precipitation. The electrochemically active nanocrystallites delivered a reversible 
capacity of ~ 70 mAh/g at 0.05 C rate. Others prepared high performance LiMPO4 by 
indirect precipitation. In indirect precipitation the MPO4 nanocrystallites are first 
precipitated; followed by mixing and calcination with a lithium source to form 
crystalline LiMPO4 [128-130].  For example, Liu et al. prepared LiFePO4 by indirect 
precipitation and reported a capacity of 130 mAh/g at 5 C rate and 94.5%  capacity 
retention over 500 cycles.  
 
Despite excellent size control by solution processed bottom-up synthesis, post 
annealing is often required to reduce defects and to increase crystallinity.  The optimal 
annealing temperature lies between 500 
o
C and 750 
o
C. There could be significant 
nanocrystallite coalesce due to the heat treatment in this temperature range. A 
dispersant or surface passivation is needed to inhibit the coalescence of 
nanocrystallites [131, 132]. Carbon particles offer excellent barrier properties against 
coalescence and their good electronic conductivity also promotes the electrical 
integration of nanocrystallites. 
  
Oh reported the ball milling of LiMn1-xFexPO4 with carbon nanoparticles. The 
resulting LiMn1-xFexPO4/C composite after heat treatment at 500 
o





size of about 50 nm; and displayed an excellent capacity (at that time) of 150 mAh/g 
at 0.5 C rate. In addition, Wang et al. reported an in-situ polymerization restriction 
method to confine the size of FePO4 crystallites. The process involved two 
simultaneous reactions, i.e. the precipitation of FePO4 and the polymerization of 
aniline on FePO4 surface.  The FePO4/polyaniline composite together with a lithium 
source were then converted to a LiFePO4/C core shell composite by heat treatment at 
700 
o
C. The carbon shell on LiFePO4 prevented crystallite coalescence in heat 
treatment. The capacity of the resulting 20 – 40 nm LiFePO4/C was 90 mAh/g at 60 C 
rate with less than 5 % capacity loss over 1100 cycles. These examples illustrate the 
effectiveness of size reduction to improve the material transport properties; and 
highlight the need to synthesize LiMPO4 in nanoscale to achieve good electrode 
kinetics.  
 
The reduction of crystallite size certainly has the advantage of improving reaction 
kinetics of phospho-olivines. However, crystallite size reduction also exacerbates 
some undesirable side effects. These side effects include low tap density, difficulty in 
handling and processing of nanopowder, difficulty in the electrical integration of 
nanocrystallites and the increased risk of electrolyte decomposition. Hence size 
reduction should be used in conjunction with other techniques such as surface coating 
and crystallite assembly to mitigate the side effects. Surface carbon coating and 
crystallite assembly techniques are therefore the central topics in the next two sections.  
2.4.3 Surface coating 
The limited electronic conductivity of LiMPO4 requires good mixing or coating with a 





resistances. The use of nanosized LiMPO4 with extensive surface area also increases 
the risk of side reactions such as metal dissolution and electrolyte decomposition; 
which can severely degrade the electrode cycle stability.  Therefore the LiMPO4 
nanocrystallites must be conjoined by a continuous network of conductive and 
protective material through physical mixing or surface coating.  
 
There are many additives with good electrical conductivity. A list of conducting 
coatings that have been used on LiFePO4 is given iin Table 2.6. Inorganic conductors 
such as metals (Ag, Cu etc) [133], conducting metal oxides (RuO2, etc), [134] and 
conducting glassy materials (Li3PO4, Li4P2O7, etc) [135, 136] are highly conductive 
but are difficult to apply as a surface coating. They also introduce a punishing dead 
weight effect. Organics conductors are mostly the conducting polymers and 
conducting carbon materials. Since most conducting polymers such as polypyrrole, 
[137-140] polyaniline, [141-143] and poly(3,4-ethylenedioxythiophene) [144-147] are 
not stable at high potential, they are not suitable coating materials for high voltage 
cathode materials such as LiMnPO4. Consequently conducting carbon materials have 
become the most commonly used conducting coatings [12, 148, 149].   
 
Conducting carbon is easily available as particles (acetylene black, carbon black, 
super-P, etc) [13, 150-153], nano- or micro-fibers (carbon nanotube, carbon 
nanofibers, etc) [154, 155] or films (carbon film, graphene, etc) [156-172]. Carbon 
conducting materials also have the benefits of good electrochemical stability, 
moderately good electrical conductivity, easy accessibility from various carbon 
sources, and versatility and flexibility in the design of electrode-carbon composite 





conductivity, surface corrosion, electrolyte decomposition and nanocrystallite 
coalesce; all at the same time. 
Table 2.6 Performance of LiFePO4 with different surface coating materials 
 










Capacity retention Ref. 
Ag 1 12 140@0.2C  90% for 50 cycles @0.2C [133] 
RuO2 4 10 142@0.1C 
93@10C 
- [134] 
Li4P2O7 5 15 170@2C 
130@50C 
100% for 100 cycles @2C [135] 
Polypyrrole 7 20 160@1C 
150@10C 
97.6% for 100 cycles @5C [143] 
Carbon nanofiber 6 15 150@1C 
140@5C 
94.5% for 1000 cycles @1C [173] 
Carbon particle 5 10 140@0.1C 
130@1C 
100% for 50 cycles @0.2C [153] 
Graphene 2(graphene)
+6(carbon) 
20 164@0.1C 97% for 30 cycles  @0.1C [172] 
 
The compositing of carbon materials with LiMPO4 can be done in principally three 
ways. One way is to physically mix LiMPO4 with the carbon materials. Carbon in this 
case functions essentially as an embedded current collector. Martha et al. reported a 
rate performance of 75 mAh/g at 10 C rate after LiMn0.8Fe0.2PO4 was embedded with 
carbon nanoparticles [151, 152]. Oh et al. reported an increase in the conductivity of 
LiMnPO4/C to 0.43 S/cm after the addition of 30 wt.% acetylene black. This is more 
than 15 orders of magnitude higher than pristine LiMnPO4 without any carbon 





compositing the phospho-olivine with excess carbon additives, such mitigation 
measures also substantially reduce the energy density of the electrode. 
  
The second method to form LiMPO4 composite materials with carbon is to infiltrate 
LiMPO4 precursor into a carbon template followed by calcination to induce LiMPO4 
crystallization [174, 175]. The porous carbon matrix serves as an embedded current 
collector to harvest electrons from the LiMPO4 nanoparticles located within the pores 
of the carbon matrix. The carbon matrix also inhibits the coalescence of 
nanocrystallites during heat treatment. Small LiMPO4 nanocrystallites could be 
preserved this way by the carbon matrix even at high temperature [174, 176]. High 
conductivity (10
-3
 S/cm) and the conservation of small crystallite size (~ 6 nm) 
imparted a LiFePO4-mesoporous carbon composite with a high rate performance of 
120 mAh/g at 10 C rate and 91 % capacity retention over 1000 cycles [176]. The 
excessive use of carbon in the template infiltration method and the presence of large 
and unused volumes, however, introduce a hefty low energy density penalty. 
  
The most practical and yet effective way to form composite carbon materials with 
LiMPO4 is to deposit a thin carbon film on the LiMPO4. Such coating process can be 
achieved either through physical attachment or through chemical bonding of the 
carbon film to the LiMPO4 crystallite surface.  
 
Physical coating may be done through the gas phase or liquid phase decomposition of 
a carbon precursor. The chemical vapor deposition of carbon on LiMPO4 by acetylene 
decomposition is an example of gas phase carbon coating. Wu et al. reported an in-





deposition [173]. The product had carbon coating on each nanocrystallite and inter-
particle bridging by carbon fibers. The electrical conductivity of the LiFePO4/carbon-
fiber composite prepared as such was as high as 0.61 S/cm and as a result, very good 
electrochemical performance was shown (122 mAh/g at 10 C rate).  
 
Carbon coating can also be applied through the liquid phase by the pyrolysis of a 
solution-processed organic coating. So far, sucrose [12], glucose, pitch [99], 
polyvinylpyrrolidone [177], polypyrrole [137] and polyethylene glycol [165] have 
been used as the carbon source for liquid phase organic coating. It was concluded that 
sucrose or glucose are the best carbon precursors for high quality carbon coating 
[165]. It was reported that the carbon coating from sugar carbonization could 
increases the LiFePO4/C conductivity to the range of 10
-4
 – 10-2 S/cm depending on 
the calcination temperature used [178]. Many researchers have reported high 
performance LiMPO4 composite materials prepared from sugar as the carbon source. 
For example, Manthiram et al. developed carbon coated LiFePO4 (Figure 2.10) by 
carbonizing solution-processed glucose coating [179].  The resulting LiFePO4/C core-
shell composite had a 5 – 12 nm carbon shell on the LiFePO4 nanocrystallites and a 
high capacity of 105 mAh/g at 10 C rate. Oh et al. also showed that double carbon 
coating of LiFePO4 could reduce Fe dissolution from 55 pm for single-coated to 33 






Figure 2.10  (a) TEM and (b) high resolution TEM images of LiFePO4/C prepared 
by ex-situ carbon-coating (with sucrose) of microwave-solvothermal synthesized 
LiFePO4 nanorods followed by heat treatment at 700 
o
C. (c) TEM and (d) high 
resolution TEM images of the LiFePO4/C nanocomposite obtained by in-situ carbon 
coating with glucose during the microwave-solvothermal process, followed by heating 
at 700 
o
C. Reproduced with permission from ref. [179]. Copyright 2008, American 
Chemical Society.  
In physical deposition, carbon is deposited on the particle surface and also formed in 
the interparticle space. The technique is easy to use and can make use of any organic 
compound that can be carbonized to carbon. However, the carbon coated by physical 
deposition often does not adhere well to the particle surface and the uniformity of the 
coating can be a challenge. A carbon film that is chemically bonded to the surface 
would not have these problems. Furthermore, it can also provide a more facile charge 
transfer; and more controllability of film uniformity and thickness. One of the 






2.4.4 Nanocrystallite Assembly 
The needs for crystallite size reduction and carbon coating to ameliorate the transport 
limitations in LiMPO4 cathodes have been discussed at length in the last two sections.    
Such mitigation methods also significantly lower the volumetric capacity of LiMPO4. 
The best way to increase volumetric capacity and energy density and yet retain the 
merits of size reduction and carbon coating is through the assembly of the carbon 
coated LiMPO4 nanocrystallites into ordered aggregates. For effective electron and 
Li
+
 conduction, the aggregates should contain bi-continuous pathways for the 
electrons and the electrolyte. The conductivities of these pathways are crucial to the 
overall performance of the aggregates. Table 2.7 summarizes some of the LiMPO4 
aggregates reported to date. 



















LiFePO4/C 200-300 8 µm spheres 1.5 3.1 160@0.1C 
130@5C 
240@0.1C [180] 
LiFePO4/C 300 1-20 µm spheres 0.9 4.6 143@0.1C 
97@5C 
128.7@01C [181] 
LiFePO4/C - 6 µm spheres 1.6 3.1-3.4 150@0.1C 
110@5C 
225 [177] 
LiFePO4/C - 20 µm Monoliths 1.9 3 130@0.5C 247 [182] 
LiMnPO4/C 10 12 µm flowers - 0 164@0.1C - [183] 
LiMn0.85Fe0.15PO4/C 100-200 7 µm spheres 1.4 ~3 160@0.05C 370 (pressed) [99] 
LiMn0.5Fe0.5PO4/C 1000-
2000 







Figure 2.11 SEM images of spherical LiFePO4 aggregates sectioned by a focused 
ion beam at low (a) and high (b) magnifications. Cross-sectional TEM image of 
LiFePO4 (c) and the corresponding electron energy loss spectroscopy image (d). 
Reproduced with permission from ref. [180]. Copyright 2010, Wiley.  
The Sun group developed a continuous process in a stirred-tank reactor to synthesize 
high tap density (1.0 - 1.6 g/cm
3
) LiFePO4 (Figure 2.11) [177, 180, 184, 185]. The 
aggregates displayed good rate capacity (130 mAh/g at 5 C) and volumetric energy 
density (820 Wh/kg). A very high tap density of 1.9 g/cm
3
 for LiFePO4/C was 
reported by Dominko et al. by a sol-gel route but the dense aggregates did not perform 
as well as those from the Sun group. The large aggregate and crystallite size could be 
the cause for the lower high rate performance. Qian et al. synthesized a spherical 
assembly of carbon coated LiFePO4 with a tap density of 1.5 g/cm
3
 by hydrothermal 
synthesis [112]. These examples illustrate the aggregation of LiMPO4 nanocrystallites 
as a means to reap the benefit of the nanoscale advantage without an unduly high cost 
in low volumetric capacity and energy density. Although there has been substantial 





emphasis now should shift to the  development of methodologies which can synthesis 
high volumetric capacity, high energy density LiMnPO4 or LiMn1-xFexPO4 cathodes.  
 
In summary, the slow reaction kinetics of LiMPO4 cathode materials could be 
improved by several strategies: crystallite lattice doping, crystallite size reduction, 
surface conductive coating and nanocrystallite assembly. These strategies should be 
used in tandem to realize synergy of functions and outcomes. For example, the 
benefits of nanocrystallites must be complemented by surface carbon coating and the 
aggregation of nanocrystallites into microscale aggregates to increase the material’s 






CHAPTER 3  Ultra-thin Carbon 
Nanopainting of LiFePO4 by Oxidative 
Surface Polymerization of Dopamine 
3. 1 Introduction 
Cost, safety and environmental considerations have determined that conventional 
LiCoO2-based lithium ion batteries are not quite suitable for large-scale applications 
such as electric vehicles and grid energy storage. Such considerations are better met 
by olivine structured phosphates LiMPO4 (where M = Fe, Mn).[186-192] Among the 
phospho-olivines LiFePO4 has the longest history of research and is hence the most 
developed. Although the attainable specific energy density of LiFePO4 is only 
marginally higher than that of LiCoO2, LiFePO4 provides exceptional safety, 
nontoxicity, and cycle stability. The major deficiency of LiFePO4 is the low intrinsic 
electronic and ionic conductivities common to all phospho-olivines, which severely 
limit its performance in power-oriented applications [187, 188]. 
 
Two strategies are commonly used to improve the power performance of LiFePO4. 
One is to downsize crystalline LiFePO4 to the nanoscale for shorter electron and Li
+
 
diffusion lengths and consequently faster transport in the solid state [17, 192, 193]. 
The other is to modify the nanocrystallite surface with an electron conductor, 
commonly a carbon film, to reduce the external electrical resistance [134, 143, 165, 





performance [196, 197]. Most carbon coatings derived from a carbonaceous precursor 
lack good uniformity. The conductivity of the carbon coating can be improved by 
graphitization at high temperature. The heat treatment, however, introduces the side 
effect of increasing crystallite size. The two strategies can therefore be mutually 
compensating resulting in the trade-off between crystallite size reduction and carbon 
conductivity increase [165, 198, 199]. Therefore, the development of a low 
temperature method which can fully and uniformly encapsulate the LiFePO4 
nanocrystallites with a high conductivity coating is of great practical significance.  
The coating thickness should be as thin as possible to reduce the resistance to Li
+
 
diffusion through the coating. 
 
Scheme 3.1 Schematic illustrations of: (a) adsorbed dopamine molecules on 
LiFePO4 nanocrystallite surface; (b) in-situ polymerization of dopamine by surface 
Fe
3+
 ions into a polydopamine shell on LiFePO4 nanocrystallite; (c) the thin carbon 
shell on LiFePO4 nanocrystallite. 
This chapter describes a facile coating method which can produce an ultrathin, 
uniform and fully encapsulating carbon coating on LiFePO4 nanocrystallites. The 
coating method capitalizes on the redox chemistry of Fe
3+
, which are present on the 
surface of solvothermally synthesized LiFePO4 nanocrystallites, to deposit a uniform 
thin film of carbon precursor by the oxidative polymerization of an aromatic amine. 
The oxidizing Fe
3+















compensate for the lithium deficiency in LiFePO4 nanocrystallites [114, 200].  There 
is also accumulation of Fe
3+
 in the surface region due to the ease of Fe
2+
 oxidation 
when LiFePO4 is exposed to atmospheric O2 [29, 201]. Dopamine (DOPA), a 
naturally occurring compound with catechol and amine moieties which confer it with 
extremely strong adhesive properties, was selected as the aromatic monomer [202-
207]. Dopamine has been used as a carbon source for lithium ion battery anode 
materials before [208, 209]. The procedure involves the base-catalyzed 
polymerization of dopamine with an external oxidizer followed by product separation 
and waste disposal. Reaction conditions have to be carefully controlled to achieve 
uniform deposition of the polymerized film. By comparison the surface 
polymerization reported here is simple, spontaneous, and without the need for 
external oxidizers or separation. The in-situ generated polymer film on the crystallite 
surface is also highly uniform in thickness and surface coverage. Scheme 3.1 shows 
that the presence of Fe
3+
 on the LiFePO4 nanocrystallite surface is central to this 
simple and yet effective carbon coating method, which uses the high oxidation power 
of Fe
3+
 (φ(Fe3+/2+)=0.771 V vs. SHE [210]) to bring about the in-situ polymerization 
of adsorbed DOPA to polydopamine (PDA) on the LiFePO4 nanocrystallites. The 
catechol groups bound strongly to the LiFePO4 surface to form a uniform, strongly 
adherent and fully encapsulating thin DOPA film. There was no need for extraneous 
chemicals such as base buffer and oxidizer. The PDA layer on the nanocrystallite 
surface was then pyrolyzed at high temperature into a carbon film. LiFePO4 
recrystallization was suppressed by the carbon encapsulation to retain the nanoscale 
advantage of LiFePO4. It is worth noting that the plenitude of phenyl rings in PDA is 
conducive to the formation of highly graphitized sp
2
 domains by calcination. The 





conductivity [211, 212]. Most importantly the oxidative surface also provided film 
thickness control since thickness could not grow beyond a monolayer coverage due to 
the self-limiting nature of the polymerization process. Consequently the coating was 
ultra-thin (1-2 nm thick) amounting to around 1 wt.% of carbon in the LiFePO4/C 
composite. The carbon content is lower than all previously reported LiFePO4/C 
composites [170, 176, 197, 213]. Since carbon in the cathode is electrochemically 
inactive and its low density can decrease the overall volumetric energy density, a low 
carbon content in the LiFePO4/C composite is a desired material specification. 
Consequently the synthesized core-shell LiFePO4/C nanocomposite displayed 
excellent power capability, delivering 84 % (143 mAhg
-1
) of the theoretical capacity 
even at a high 10 C rate (C = 170 mAg
-1
). This coating method is therefore effective 
for increasing the performance of LiFePO4.  
3. 2 Experimental section 
3.2.1 Synthesis of LiFePO4 nanoparticles.  
LFP nanoparticles were synthesized by the solvothermal method published by Nan et 
al with  some modifications [114]. 27 mmol LiOH·H2O was first dissolved in 20 ml 
ethylene glycol. A mixture of 10 mmol H3PO4 and 5 ml ethylene glycol was 
introduced drop-wise to the LiOH solution with stirring. A white colloid was formed 
from the neutralization reaction. A solution containing 10 mmol FeSO4·7H2O in 15 
ml ethylene glycol was then added to the colloid in a drop-wise manner. A dark green 
colloid was formed and was allowed to stir for 1 hour. The mixture was transferred to 
a Teflon-lined autoclave and heated at 180 
o
C for 10 h. Upon cooling to room 
temperature, the solid product was recovered by centrifugation and washed 





3.2.2 In-situ DOPA polymerization.  
111.57 mg dopamine hydrochloride (~10 wt.% of synthesized LiFePO4) was added to 
a 50 ml dispersion of the LiFePO4 nanocrystallites in H2O. The mixture was 
ultrasonicated for 1 hour. The dark purple LiFePO4/PDA precipitate was removed 
from the solution by vacuum filtration and allowed to dry in an 80 
o
C oven for 2 hours. 
The dried LiFePO4/PDA composite was then calcined at 650 
o
C for 3 hours in Ar to 
form LiFePO4/C.  
3.2.3 Materials characterization.  
The phase purity of LiFePO4/C was determined by XRD on a Bruker D8 advance X-
ray diffractometer with Cu Kα radiation (1.5405 Å). Morphology examinations were 
based on field emission scanning electron microscopy (FESEM) (on a JEOL JSM-
6700F) and field emission transmission electron microscopy (FETEM) (on a JEOL 
2100F). The carbon content in LiFePO4/C was determined by Thermogravimetric 
analysis (TGA) in the temperature range 20 °C to 800 °C on a Shimadzu DTG-60H. 
X-ray photoelectron spectroscopy (XPS) was performed on a VG ESCALAB MKII 
spectrometer operating at 25 KV. Binding energies were corrected using 284.0 eV for 
the C1s peak as reference. A JASCO FTIR-Q250 spectrometer was used to record the 
infrared absorption spectrum of LiFePO4/C in the 4000-400 cm
-1
 spectral region (2 
cm
-1
 resolution and 50 scans). The KBr pellet method (1 wt.% sample and 99 wt.% 
KBr) was used for IR sample preparation. Raman spectra were measured by a 
Renishaw 1000 Raman spectrometer with a 100 mW 514.5 nm laser and a charge 






3.2.4 Electrochemical measurements.  
An electrode slurry was prepared by mixing LiFePO4/C, poly(vinylidene fluoride) 
(PVdF) and Super-P in a 8:1:1 weight ratio in N-methylpyrrolidone (NMP) and 
stirring vigorously for 16 hours. The resultant slurry was applied to an Al foil to an 
areal density of ~ 3 mg/cm
2
. The counter and reference electrode was a lithium metal 
foil and the separator was a Celgard 2400 membrane. The electrolyte was a 1 M LiPF6 
in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl 
carbonate (DEC) (1:1:1 vol./vol.). The electrodes were assembled into a Swagelok 
cell in an Ar-filled glove box. Galvanostatic charging and discharging of the batteries 
was carried out on a Neware BTS-5V-10mA battery tester, and cyclic voltammetry 
was performed on a µAutolab type III electrochemical workstation. 
3. 3 Results and discussion 
The LiFePO4 in this study was prepared by solvothermal synthesis. In the preparation 
LiOH·H2O, H3PO4 and FeSO4·7H2O were dissolved separately in ethylene glycol. 
The mixing of LiOH·H2O and H3PO4 formed a colloidal Li3PO4 solution which could 
more effectively control the precipitation of Fe3(PO4)2·xH2O in the next sequence of 
FeSO4·7H2O solution addition. Due to the solubility difference between Li3PO4 
(Ksp=3.2×10
-9
) and Fe3(PO4)2·xH2O (Ksp=1×10
-32
), this particular sequence of 
solution mixing avoided the fast precipitation of Fe3(PO4)2·xH2O by regulating the 
release of PO4
3-
 from Li3PO4; and suppressed excessive crystallite growth and 
agglomeration. The precipitation of Fe3(PO4)2·xH2O was allowed to complete in 1 
hour with stirring, which also introduced some Fe
2+
 oxidation. The Fe3(PO4)2·xH2O 
formed as such provided the nucleation sites for the crystallite growth of LiFePO4 






Figure 3.1 Characterizations of the solvothermally synthesized LiFePO4 
nanocrystallites: (a) TEM and (b) HRTEM images (c) XPS spectrum. Scale bars: (a) 
50 nm; (b) 30 nm. 
Figure 3.1 shows that the solvothermally synthesized LiFePO4 nanocrystallites had a 
plate-like morphology and about 30 nm in thickness. The higher viscosity of ethylene 
glycol, as compared with solvents such as water or ethanol, could slow the diffusion 
of ionic reactants in solution and consequently restrained crystallite growth [114]. The 
small plate-like nanocrystallites had a large exposed surface where oxidation could 
occur in air. The XPS spectrum in Figure 3.1c shows the Fe oxidation states on the 
nanocrystallite surface. The relative high intensity of the Fe
3+




























-rich surface could 
then provide the oxidizing power needed to initiate DOPA polymerization. 
Consequently the adsorption of DOPA (φ≈0.2 V vs. SHE) [214] was immediately 
followed by the polymerization of DOPA on the LiFePO4 surface:  
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Some of the surface Fe
3+
 was simultaneously reduced to Fe
2+
, and the Li
+
 which were 
de-intercalated from LiFePO4 during exposure to air were re-intercalated for charge 
balance. According to the generally accepted mechanism of oxidative polymerization 
of DOPA, the catechol group in DOPA was first oxidized to quinone and then 
polymerization occurred [202, 205]. The extent of DOPA polymerization on the 
surface was therefore controlled by the amount of Li
+
 available for charge balance. 
The amount of Li
+
 that can be de-intercalated by oxidation in air has been determined 
by Martin et al to be 2.3 mole% using a LiFePO4/C sample synthesized by the solid-
state reaction [201]. Since the nanocrystallites here were smaller than those in the 
Martin study, the amount of de-intercalated Li
+
 should be slightly larger than 2.3 
mole%. Since DOPA was used in excess during the synthesis, all de-intercalated Li
+
 
were expected to be completely re-intercalated. The TGA results in Figure 3.2 
indicates that 3.2 wt.% of DOPA was polymerized on the LiFePO4 nanocrystallite 
surface, corresponding to around 6.4 mole% of de-intercalated Li
+
. For the 
polymerization reaction the LiFePO4 nanocrystallites were dispersed well in water 
before the addition of DOPA. The LiFePO4 colloid was stabilized by the small 
nanocrystallite size and the hydrophilic character of the LiFePO4 surface. There were 
visual cues of immediate polymerization right after the addition of DOPA to the 
LiFePO4 colloid – an instantaneous change of the colloid colour from dark green to 





indicative of the increasing extent of polymerization.  
 
Figure 3.2 TGA curves of LiFePO4/PDA and LiFePO4/C. Bare LiFePO4 will gain 
5 wt.% upon heating to 200-500, thus a bare 8-10 % lithium deficient Li1-xFePO4 
would gain around 4.5 wt.% upon heating. Therefore the estimated carbon amount in 
LiFePO4/C is around 1 wt.%. The estimated PDA amount in LiFePO4/C is around 3.2 
wt.%. The loss of weight of both LiFePO4/PDA and LiFePO4/C is suspected to be 
caused by the decomposition of lithium deficient Li1-xFePO4 [215]. 
The presence of a PDA shell was confirmed by Fourier transform infrared 
spectroscopy (FTIR). A typical FTIR spectrum of the LiFePO4/PDA composite is 
shown in Figure 3.3a, where the absorption peaks at 3400 cm
-1
 and 1640-1480 cm
-1
 
correspond well with the characteristics of the catechol –OH groups and the phenyl 
rings of the PDA shell respectively [190, 216, 217]. The strong absorption from 1200-
800 cm
-1
 was due to the PO4
3- 
groups of LiFePO4 [218]. The low intensities of the 
absorption peaks associated with PDA compared with LiFePO4 indicate that the PDA 
loading in the composite was low. The thin PDA shell was clearly visible in the TEM 
images (Figure 3.3b-d). The coating layer was very thin and uniform on each 
nanocrystallite. The coating thickness as determined from Figures 3.3c and d varied 
from 2 to 3 nm. This thin PDA shell was later converted to an ultrathin carbon shell 


































after the high temperature treatment.  
 
Figure 3.3 Characterizations of PDA-coated LiFePO4: (a) FTIR spectrum; (b) 
TEM image; (c) and (d) HRTEM images. The PDA shell was uniformly coated on the 
nanocrystallite surface to a shell thickness of 2-3 nm. Scale bars: (b) 50 nm; (c) and (d) 
20 nm. 
The XRD pattern in Figure 3.4a of LiFePO4/C after heat treatment at 650 
o
C shows 
only the diffraction peaks of LiFePO4, indicating high phase purity of the product. 
rod-like nanocrystallites had an average diameter of 30-50 nm and an average length 
of 60-100 nm. The SEM and TEM images in Figures 3.4b and c indicate that despite 
the high temperature treatment, the nanocrystallites were still well separated without 
aggregation or coalescence. This could be credited to the presence of the uniform 
carbon surface coating, which inhibited nanocrystallite sintering. Not only was the 
nanoscale advantage of the Li
+ 
storage host preserved, the electrical integration of the 
nanocrystallites with one another and with the conductivity agent was also made more 



















effective through the encapsulating carbon coating. This can significantly reduce the 
electron transport resistance between particles to support high-power applications.  
Figure 3.4d and e show that the carbon shell was uniform all over the nanocrystallite 
surface, with a shell thickness as thin as 1-2 nm. This uniform carbon layer ensured 
that all LiFePO4 nanocrystallites were surface conductive, while the thinness of the 
thickness assured minimum resistance to the diffusion of Li
+
 across the coating. The 
nitrogen atoms from PDA were also incorporated in the carbon layer to reap the 
benefits of nitrogenation of carbon for further conductivity increases (see Figure 3.5). 
The nitrogen content in the carbon coating incorporated as such was ~ 7.4 % of 
carbon and it contained both pyrrolic and pyridinic nitrogen. The quality of carbon 
was measured by Raman spectroscopy (Figure 3.6). The resulting ID/IG ratio was 0.7, 
suggesting a good high degree of graphitization. The amount of carbon in LiFePO4/C 
composite as determined by Thermogravimetric analysis was only 1 wt.%. Since the 
carbon in the LiFePO4/C composite is electrochemically inactive, the minimization of 







Figure 3.4 Characterizations of carbon-coated LiFePO4 nanocrystallites: (a) XRD 
pattern; (b) SEM image; (c) TEM image; (d) and (e) HRTEM images. The thickness 
of the uniformly coated carbon shell on LiFePO4 nanocrystallites was about 1-2 nm. 
Scale bars: (b) 100 nm; (c) 50 nm; (d) and (e) 5 nm. 




 at the LiFePO4 nanocrystallite surface 
by DOPA polymerization, a significant amount of Fe
3+
 was still present, as shown by 
the Fe XPS spectrum in Figure 3.7. This result also suggests that only a small amount 
of surface Fe
3+
 was consumed in DOPA polymerization. The presence of surface Fe
3+
 
in LiFePO4 indicates that there was a substantial amount of lithium vacancy in the 
nanocrystallites. This inference was verified by the measurement of the coulombic 
efficiency (CE) of the first charge and discharge cycle. The coulombic efficiency, 
which is the ratio of Li
+
 inserted into FePO4 (in the discharge process) to the Li
+
 
extracted from LiFePO4 (in the charge process), was higher than 100 % in the first 
cycle. This was only possible with an as-prepared Li
+
-deficient host material. The first 
cycle CE in Figure 3.8 suggests that there were about 8-14 mole% of lithium 



































































deficiencies in the LiFePO4 nanocrystallites.  
 
Figure 3.5 N(1s) XPS spectrum of LiFePO4/C, the peak located at 398 eV 
corresponding to pyridinic nitrogen, and peak located at 400 eV corresponding to 
pyrrolic nitrogen. 
 
Figure 3.6 Raman spectrum of LiFePO4/C. 
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Figure 3.7 Fe 2p3/2 spectrum of LiFePO4/C.  
 
Figure 3.8 First cycle charge and discharge profiles of LiFePO4/C.  
The electrochemical performance of LiFePO4/C was evaluated in half cells using 
lithium metal as the counter cum reference electrode. Figure 3.9 shows the cyclic 
voltammograms (CV) in the 2.5 to 4.5 V potential range for the first five cycles at 0.1 
mVs
-1
. The two redox peaks at 3.2 V and 3.6 V correspond well with Li
+
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symmetry between the oxidation and reduction peaks was observed as well as close to 
unity peak current ratio and low peak potential separation. Collectively these are 
indications of the good reversibility of the Li
+
 intercalation/de-intercalation reactions. 
It should be noted that the first cycle voltammograms was substantially different from 
the other 4 cycles. The first cycle oxidation exhibited an asymmetric peak, probably 
caused by the concentration difference between the Fe
3+
 on the nanocrystallite surface 
and Fe
3+ 
in the nanocrystallite bulk. The CV features stabilized after the first 5 cycles. 
Such behaviour is typical of “electrode conditioning” which may be attributed to 
various activation effects. The LiFePO4/C composite was then evaluated for its rate 
performance and cycle stability. Figure 3.10a shows that discharge capacities of the 
LiFePO4/C composite at different C rates. A high capacity of 165 mAhg
-1
, or 96.5 % 
of the theoretical capacity of LFP, was obtained at 0.5 C. Even at a high discharge 
rate of 10 C, a remarkable specific capacity of 143 mAhg
-1
 (or 84 % of theoretical 
capacity) was still possible with very low polarization of the discharge curves, which 
is a clear indication of the high rate performance of the composite. 
 
Figure 3.9 Cyclic voltammograms of LiFePO4/C at 0.1 mVs
-1
. 





























Figure 3.10 Electrochemical performance of LiFePO4/C: (a) Rate capability; (b) 
Cycle stability. 
 
Figure 3.11 Comparison of rate performance with recently published high rate 
LiFePO4 and commercial LiFePO4. 










































































































The cyclability of the LiFePO4/C composite at 2 C is shown in Figure 3.10b. Prior to 
the measurements the cells were conditioned by cycling at 0.5 C for 5 cycles. The 
composite displayed very good stability with no capacity loss, and columbic 
efficiencies greater than 99.8 % for 75 cycles. The contributions of the uniform and 
fully encapsulating carbon coating on each nanocrystallite to the reversibility of Li
+
 
intercalation/de-intercalation and consequently capacity retention were corroborated 
by these measurements. The capacity of the LiFePO4/C composite as shown in Figure 
3.11 clearly demonstrates the exceptional power capability of the ultrathin carbon-
coated LiFePO4/C synthesized here. Given that the amount of carbon in the composite 
synthesized as such is extremely low, this synthesis method should be of strong 
interest to real applications. 
3. 4 Conclusion 
In summary, an expeditious method of using dopamine as carbon precursor to impart 
good surface conductivity to LiFePO4 nanocrystallites is presented here. The in-situ 
polymerization of adsorbed dopamine to polydopamine only made use of the 
indigenous Fe
3+
 ions on the LiFePO4 surface without the need for extraneous 
chemicals. The self-limiting polymerization formed a thin and continuous deposit on 
the LiFePO4 nanocrystallites, which was then converted into a highly graphitized, N-
doped carbon coating by high temperature calcination. The presence of the 
polydopamine coating was found to be effective in inhibiting crystallite growth during 
calcination. The LiFePO4/C composite synthesized as such was found to exhibit 
excellent rate capability and cycle stability. The exceptional electrochemical 
performance could be attributed to the contributions from the ultrathin and uniform 





conductivities without mutually compensating effects. Although rate and cycling 
performance of LiFePO4 were significantly improved, the achievable energy density 




 redox reaction. The 




 in the olivine 









 in the LiMPO4 framework and its performance 





CHAPTER 4  A High Performance Lithium-
ion Cathode LiMn0.7Fe0.3PO4/C and the 
Mechanism of Performance Enhancements 
through Fe Substitution  
4. 1 Introduction 





 in the LiMPO4 framework. LiMnPO4, like LiFePO4, is a safe and 
environmentally benign cathode material that can be produced at a reasonable cost. 
The growing interest in LiMnPO4 is primarily due to a theoretical energy density 
which is about 20 % higher than LiFePO4 [127, 151, 152, 219-221]. However, its 
sluggish transport of electrons and Li
+
 transport is well-known, and results in a rate 
performance far below the requirement even for small batteries.  
 
The performance of LiMnPO4 should be improvable by collaborative bulk 
modifications and surface engineering. Downsizing the primary nanocrystallites to the 
nanoscale to reduce intra-particle transport resistance and coating the nanocrystallite 
surface with conductivity agent to reduce inter-particle transport resistance are the 
most common strategies [13, 108, 126, 222, 223].  Compared with size reduction and 
carbon coating, ion doping can be an alternative to improve transport properties in the 
bulk without extreme size diminution. Among the variety of elements that have been 





best performance with the widest range of substitution (x from 0 to 1) [100, 115, 224, 
225]. 
 
Ab initio calculations have shown that Fe substitution could increase the solubility 
limits of  LiMn1-xFexPO4 and Mn1-xFexPO4 in each other to result in an expanded one-
phase region and a contracted two-phase region [97]. The size of the one-phase region 
depends on the Fe/(Fe+Mn) ratio, and calculations have shown that the range of solid-
solution is the widest with 15-30 mole% of Fe substitution [97]. A composition of 30 
mole% of Fe substitution was chosen for this study. At this composition the 





centers which are more reactive than the Mn
3+/2+
 redox centers in pristine LiMnPO4. 
A faster exchange of Li
+
 between the nanocrystallite surface and the electrolyte may 
be expected. Furthermore, Fe
2+
 doping also dilutes the Mn
2+
 concentration. The 
resulting decrease in Jahn-Teller distortion caused by Mn
3+ 
could also improve 
electron conduction in the bulk and consequently the rate performance in battery 
applications.  
 
Despite the aforementioned advantages in theory, the experimental evidence for Fe 
substitution leading to actual performance enhancement is still rather limited [126, 
223]. In this study using LiMn0.7Fe0.3PO4 as an example, measurements by 
electrochemical impedance spectroscopy (EIS) and galvanostatic intermittent titration 
technique (GITT) confirmed the improvement in bulk transport properties after Fe 
substitution. Specifically LiMnPO4/C (the control) and LiMn0.7Fe0.3PO4/C were 
synthesized by a scalable two - step solid - state reaction. The nanocrystallites 







 diffusion in the solid state without the penalty of a large surface area (for carbon 
coverage). Carbon was introduced during the synthesis to electrically integrate the 
nanocrystallites to reduce the external resistance to electron conduction.  
4. 2 Experimental section 
4.2.1 Materials synthesis  
LiCH3COO·2H2O, FeC2O4·2H2O, Mn(CH3COO)2·4H2O and NH4H2PO4 in amounts 
corresponding to the stoichiometry of LiMn1-xFexPO4 (x = 0, 0.3), and 10 wt.% Super 
P carbon (Timcal)  were mixed in acetone. This mixture was milled for 2 h in a 
stainless steel jar on a high-energy milling machine (SPEX 8000M) with a balls to 
material ratio of 10 to 1. The mixture after milling was dried at 80 °C for several 
hours to completely remove acetone before it was decomposed at 350 °C for 10 h in a 
flowing mixture of 5 % H2 in Ar. The decomposed mixture was ball milled again for 
another hour in acetone with 10 wt.% sucrose as a secondary carbon source. It was 
then subjected to a final heat treatment at 600 °C for 12 h to crystallize LiMn1-
xFexPO4 in flowing 5 % H2 in Ar. 
4.2.2 Materials characterization  
The structural determination of LiMn1-xFexPO4/C (x = 0, 0.3) was based on XRD 
using a Bruker D8 advance X-ray diffractometer and Cu Kα radiation (1.5405 Å). The 
morphology of LiMn1-xFexPO4/C was examined by field emission scanning electron 
microscopy (SEM) (on a JEOL JSM-6700F operating at 5 kV) and field emission 
transmission electron microscopy (TEM) (on a JEOL 2100F operating at 200 kV). 
The carbon in intermediate and final products was quantified by Thermogravimetric 





4.2.3 Electrochemical measurements  
LiMn1-xFexPO4/C (x = 0, 0.3), poly(vinyl difluoride) (PVDF) binder, and Super P 
carbon in 80:10:10 weight ratio were mixed into a slurry in N-methyl-2-pyrrolidinone. 
The slurry was applied to an Al foil electrode and vacuum dried at 120 °C overnight. 
The coated Al electrode, a lithium foil counter and reference electrode, together with 
two sheets of Celgard 2400 separator between them, were assembled in an Argon-
filled glove box.  The battery electrolyte was 1 M LiPF6 in a mixture of ethylene 
carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) (1:1:1 
vol./vol.) supplied by Hohsen Corp. Charge and discharge measurements were carried 
out on a Neware BTS 5V-1mA battery tester. All cells were charged following a 
constant current  constant voltage (CC-CV) protocol in the 2.5 V to 4.5 V voltage 
range and discharged at different C rates (1 C = 170 mAh/g).  For the evaluation of 
rate capability, the test batteries were charged at 0.05 C to 4.5 V, followed by 
potentiostatic charging at 4.5 V until the current decreased to 0.01 C. For the 
evaluation of cyclability, the test batteries were charged at 0.5 C to 4.5 V followed by 
potentiostatic charging at 4.5 V until the current decreased to 0.1 C. Cyclic 
voltammetry (CV) was performed in the 3.2 V to 4.5 V voltage range at 0.05 mV/s on 
a µAutolab Potentiostat/Galvanostat. EIS was measured using a FRA type III 
attachment to the Autolab in the 100 kHz to 0.1 Hz frequency range and ±10 mV 
modulation. The Neware battery tester was also used for Galvanostatic intermittent 
titration technique (GITT) measurements where charge and discharge was carried out 
at a low current density corresponding to the 1/20 C rate. For charging the cell was 
charged for 24 min and then rested for at least 2 h until the voltage decay stabilized. A 





4. 3 Results and discussion 
 
Figure 4.1 XRD patterns of a: LiMnPO4/C and b: LiMn0.7Fe0.3PO4/C, the inset 
shows enlarged (121)(200) peak. 
Figure 4.1 shows the XRD patterns of as-prepared LiMn0.7Fe0.3PO4/C and 
LiMnPO4/C. Both diffraction patterns agree well with the orthorhombic Pnma space 
group. Due to the smaller ionic radius of Fe
2+
 (0.92 nm vs 0.97 nm for Mn
2+
), the 
average M - O (M = Fe, Mn) bond length would decrease after Fe substitution, 
shifting the diffraction angles slightly to higher angles (Figure 4.1 inset). The shorter 
average bond length decreased the ionicity of Mn - O bonds in LiMn0.7Fe0.3PO4 
relative to the Mn - O bonds in LiMnPO4, which could improve the electron polaron 
hopping between adjacent cationic centers. The broad diffraction peaks indicate that 
the crystallites in the as-synthesized materials were smaller than 100 nm according to 
the Scherrer equation. This appears to be a good size range where the effect of Fe 
substitution could be detected and correlated with performance enhancements. Larger 
crystallites, with their increase in intra-particle transport resistance, would more likely 
obscure the effect of Fe substitution. 





























Figure 4.2 (a) SEM and (c) TEM images of LiMnPO4/C; (b) SEM and (d) TEM 
images of LiMn0.7Fe0.3PO4/C. 
The morphology of the as-prepared materials was characterized by SEM and TEM. 
The EM images in Figure 4.2 show that the nanocrystallites of LiMn0.7Fe0.3PO4/C and 
LiMnPO4/C were about 50 nm in size. Some nanocrystallites also agglomerated to 
form secondary structures. The nanocrystallites were small enough to provide a 
sufficiently large surface area for Li
+ 
intercalation and carbon coating, as well as short 
Li
+
 diffusion and electron hopping path lengths in the primary nanoparticles. The 
nanocrystallites were interspersed with carbon particles, as shown in Figures 4.2c and 
d. The amount of carbon was determined to be 12 wt.% for LiMnPO4/C and 12.2 
wt.% for LiMn0.7Fe0.3PO4/C. The first ball milling in the synthesis dispersed the 





followed by the decomposition of the latter increased the electrical integration 
between the embedded carbon particles and olivine phosphate nanocrystallites. The 
embedded current collectors improved the efficiency of electron conduction between 
nanocrystallites. At the same time the pyrolysis of adsorbed sucrose formed a 
continuous carbon film on the nanocrystallite surface; enabling electrons to be 
extracted from any part of the nanocrystallite surface. The extracted electrons could 
then be shuttled through the dispersed carbon nanoparticles to the external current 
collector. The porosity between the nanocrystallites and carbon nanoparticles enabled 
unhindered electrolyte percolation to wet the nanocrystallite surface.  
 
Figure 4.3 (a) Voltammograms and (b) voltage profiles for LiMnPO4/C and 
LiMn0.7Fe0.3PO4/C. 
Figure 4.3a shows the first cycle voltammograms of LiMn0.7Fe0.3PO4/C and 
LiMnPO4/C. For LiMn0.7Fe0.3PO4/C, there were two decoupled redox systems with 









redox couples respectively. LiMnPO4/C, on the contrary, displayed only one redox 









 oxidation peak in LiMn0.7Fe0.3PO4 relative 
to LiMnPO4 was due to the decrease of average metal-oxygen bond length, hence the 








































































similar structures of LiMnPO4 and LiFePO4 enabled the Fe-substituted 
LiMn0.7Fe0.3PO4 to be formed as a solid-solution of LiMnPO4 and LiFePO4. This 
solid-solution would however have an average metal-oxygen bond length longer than 
that of LiFePO4 but shorter than that of LiMnPO4. The  decrease in the average metal-
oxygen bond length from LiMnPO4 to LiMn0.7Fe0.3PO4,  and the higher 
electronegativity of Fe would reduce the ionic character of the Mn-O bond, causing a 
negative shift in the Mn
3+/2+










couple to a slightly lower potential. In comparison with LiMnPO4/C, the Fe-




 at a lower potential 





 peak separation in LiMn0.7Fe0.3PO4/C confirms the greater 
thermodynamic reversibility in Li
+
 de-intercalation and intercalation reactions. The 
integrated peak area was also larger than that of LiMnPO4/C, and hence a higher 
charge storage capability was made possible after Fe-substitution. Since all other 
material parameters were identical, the increase in reversibility and charge storage 
capability of LiMn0.7Fe0.3PO4/C should be a direct consequence of Fe substitution.  
 
The results of cyclic voltammetry suggested that LiMn0.7Fe0.3PO4/C should provide a 
better charge/discharge performance. The prediction was verified by the first cycle 
charge and discharge curves in Figure 4.3b. There were two major causes of 
polarization: 1) activation polarization (determined by the charge transfer kinetics of 
surface electrochemical process) at the beginning of the discharge; and 2) resistance 
in solid-state Li
+





discharged. The discharge curve of LiMn0.7Fe0.3PO4/C contained a flat voltage plateau 





 redox reactions respectively. For LiMnPO4/C, there was only one voltage 
plateau around 4.1 V for the Mn
3+/2+ 
reaction and a long sloping discharge curve 
thereafter. The polarization between the charge and discharge voltage plateaus of 
LiMn0.7Fe0.3PO4/C was about 0.1 V, which compares very favorably to that of 
LiMnPO4/C (0.44 V). This is indication of the greater reversibility of 
LiMn0.7Fe0.3PO4/C due to an overall improvement in the surface charge transfer 
process in the electrode. The lower capacity of LiMnPO4/C relative to 
LiMn0.7Fe0.3PO4/C is another indication of Li
+
 diffusion polarization caused by more 
sluggish electron and ion transport. The Li
+ 
storage capacity was also higher in 
LiMn0.7Fe0.3PO4/C, providing 164 mAh/g at the 0.05 C rate; whereas the 
corresponding value for LiMnPO4/C was only 130 mAh/g. Although the substitution 
of 30 at.% of Mn with Fe would reduce the theoretical energy density due to a shorter 
4 V region, experimentally LiMn0.7Fe0.3PO4/C still delivered a higher capacity than 
LiMnPO4/C in the 4 V region. It is well accepted that Li
+
 and electron transport are 
coupled processes during the lithiation/de-lithiation of nanocrystallites [226]. Hence 
Fe substitution must have contributed to the improvements of the transport (electronic 
and ionic) properties of the nanocrystallites.  
 
The improvements in electrochemical performance due to Fe substitution were also 
evident in electrochemical impedance spectroscopic (EIS) measurements. The 
Nyquist plot of impedance in Figure 4.4 shows a smaller semicircle for 
LiMn0.7Fe0.3PO4/C (a diameter of 280 Ω compared with a diameter of 800 Ω for 





nanocrystallite size, the decrease in the charge transfer resistance (the size of the 
semicircle) had to be caused by Fe substitution. Fe-substitution also enriched the 




 redox centers than 
Mn
3+/2+ 
centers in pristine LiMnPO4. The faster exchange of Li
+
 between the 
nanocrystallites and the electrolyte could then contribute to a higher power capability. 
 
Figure 4.4 Nyquist plots of LiMnPO4/C and LiMn0.7Fe0.3PO4/C electrodes in test 
cells. 
Figures 4.5a and b show the rate performance of LiMnPO4/C and LiMn0.7Fe0.3PO4/C 
in discharge. The cells in all these runs were charged by a CC-CV protocol: 0.05 C to 
4.5 V followed by potentiostatic charging at 4.5 V till the current decreased to 0.01 C. 
The specific discharge capacities of LiMn0.7Fe0.3PO4/C determined as such were 164 
mAh/g at the 0.05 C rate and 107 mAh/g at the 5 C rate. The corresponding specific 
discharge capacities of LiMnPO4/C were inferior: 127 mAh/g at 0.05 C and 62 mAh/g 
at 5 C. When these values were converted to gravimetric energy densities, as shown in 
Figure 4.5c, LiMn0.7Fe0.3PO4/C was able to store 608 mWh/g of energy in the 
phosphor-olivine crystallite structure. LiMn0.7Fe0.3PO4/C also demonstrated good 
energy storage capability over a wide range of discharge rates from 0.05 C to 5 C. The 
high energy density of LiMn0.7Fe0.3PO4/C makes it a better candidate than its sibling 




























LiFePO4 for large scale energy storage. The energy stored in LiMn0.7Fe0.3PO4/C was 
nearly double of that of LiMnPO4/C at the 5 C rate. This good power performance 
could again be attributed to Fe substitution being an effective way to elevate the 
electrochemical performance of LiMnPO4. The cycle stability of LiMn0.7Fe0.3PO4/C 
was evaluated at 0.5 C charge and discharge rates. Figure 4.5d shows that both 
phospho-olivines cycled very well but LiMn0.7Fe0.3PO4/C could still provide twice as 
much capacity as that of LiMnPO4/C at the end of the 50
th
 cycle. Capacity fading was 
however present in the first few cycles of charge and discharge of LiMnPO4/C and 
LiMn0.7Fe0.3PO4/C.  
 
Capacity fading was also observed by cyclic voltammetry during the first few cycles 
of charge and discharge. The decrease in in integrated peak areas in Figures 4.6a and 
b is typical of irreversibility associated with passive surface film formation, caused 
possibility by electrolyte decomposition at high voltages [126]. The impedance 
changes after charging and discharging to different depths of charge and discharge 
were also measured to gain further insights into the origin of capacity fading. As 
shown in Figures 4.6c and d, constant potential charging at 4.5 V increased the size of 
the semicircle in the EIS plot, indicating the increase in the charge transfer resistance 
of the electrode reaction. This could be caused by electrolyte decomposition and solid 
electrolyte interphase deposition due to extended operation at voltages higher than the 






Figure 4.5 Rate performance of (a) LiMnPO4/C and (b) LiMn0.7Fe0.3PO4/C. (c) 
Plots of gravimetric energy density against C rate. (d) Cycling performance of 
LiMnPO4/C and LiMn0.7Fe0.3PO4/C at 0.5 C. 
 
Figure 4.6 Cyclic voltammograms of (a) LiMnPO4/C and (b) LiMn0.7Fe0.3PO4/C 
at 0.05 mV/s. (c) First cycle of charge and discharge profiles at 0.05 C (d) Nyquist 
plots at different states of charge and discharge correspond to sampling points in (c). 

























































































































































































































Figure 4.7 GITT plots of (a) LiMnPO4/C and (b) LiMn0.7Fe0.3PO4/C. 
The analysis of the voltage profile after a series of current pulses in Galvanostatic 
intermittent titration technique (GITT) could provide a wealth of information about 
the electrode reaction. Generally, fast voltage relaxation and low polarization (the 
difference between the voltage immediately after the application of the current pulse 
and the stabilized voltage after the removal of the current pulse) indicate facile 
reaction kinetics and vice versa. The GITT measurements in Figure 4.7 clearly show 
that polarization was smaller in LiMn0.7Fe0.3PO4/C than in LiMnPO4/C, and hence the 
electrode reaction was more facile for the former. The reactions in charge and 
discharge involve two consecutive processes: the extraction of Li
+ 
from and insertion 
of Li
+ 
into the phospho-olivine nanocrystallites; and the solvation/de-solvation of Li
+
 
at the electrolyte-electrode interface. It is known that electron conduction in bulk 
LiMPO4 (M = Fe, Mn) is dominated by polaron hopping. Since the energy barrier to 
polaron hopping is lower in LiFePO4, the partial substitution of Mn in LiMnPO4 by Fe 
should reduce the polaron hopping barrier in LiMnPO4 to some extent. Fe substitution 





 transport in the nanocrystallite. Hence Fe substitution could 
simultaneously improve electron and Li
+
 diffusion in the bulk of the solid state. Being 
a solid-solution, LiMn0.7Fe0.3PO4/C also provides a Fe-enriched surface where Li
+
 

















































exchange with the electrolyte is more facile. Therefore, de-lithiation and lithiation 
were also expedited at the surface. Interestingly LiMn0.7Fe0.3PO4/C displayed a 
sloping open circuit voltage envelope in the 3.5 V region (Figure 7b). This suggests 
that contrary to the common two-phase mechanism for the reaction between Li
+
 and 
LiMPO4, there exists the possibility of a single-phase reaction occurring in the 3.5 V 
region for LiMn0.7Fe0.3PO4/C. This finding is consistent with recent ab initio 
calculations of the LiMn1-xFexPO4 system [97]. Normally, the nucleation of a new 




, or VLi+ - M
3+
 
attractive interactions [227]. When Li is progressively de-lithiated or lithiated, there is 






) interaction to hinder 
nucleation during charging and discharging respectively. For LiMn0.7Fe0.3PO4/C, the 




, or VLi+ 
- Fe
3+





potential. On the other hand, the driving force for phase separation in the 4.1 V region 
remained large for several reasons: 1) stronger electron localization on Mn; 2) larger 
lattice mismatch between the MPO4 and LiMPO4 phases, and 3) reduction in the Fe 
dilution effects on Mn and hence less repulsive forces against phase separation.  
 
Figure 4.8 Li+ Diffusivity as a function of lithium composition. 









































Figure 4.8 shows some indicative Li
+
 diffusivities calculated from the GITT 
measurements for x = 0 to 0.38 in Li1-xMn0.7Fe0.3PO4 where reactions in single phase 
prevailed. Diffusivity was also estimated from GITT beyond this region. The results 





/s and varied very little with Li
+
 concentration. There was, however, 
an abrupt decline in diffusivity at x greater than 0.34. This is indication of the more 
facile diffusion of Li
+
 in the single phase reaction relative to the two-phase reaction 
which began significant at x > 0.34. For Li1-xMnPO4 without Fe substitution, a 
smaller single-phase reaction region from x = 0 to 0.15 was observed. Beyond this 
composition, lithium diffusivity also decreased sharply with the intrusion of the two-
phase reaction. The presence of a one-phase region in Li1-xMnPO4 could be originated 
from the size-dependent reduction of the miscibility gap between the two end 
members of phosphor-olivines (i.e. larger x values for small nanocrystallites). Li
+
 
diffusivity measurements beyond x = 0.38 for Li1-xMn0.7Fe0.3PO4 and x = 0.3 for Li1-
xMnPO4 did not result in reliable values due to equipment limitations.  
4. 4 Conclusion  
High performance LiMn0.7Fe0.3PO4/C was synthesized by a scalable process involving 
high energy ball-milling and solid-state synthesis.  Carbon was present as a uniform 
coating and also as embedded current collectors to lower the external resistance to 
electron transport. A 30 % Fe substituted LiMn0.7Fe0.3PO4/C composite delivered 
exemplary power performance. Through a combination of different material 
characterization methods, it was concluded that Fe substitution significantly improved 
Li
+
 and electron transport in the bulk and charge transfer on the surface of the 





the ionic character of Mn ions by substitution with more electronegative Fe ions. In 
particular, the appearance of a large single-phase reaction region supported fast Li
+
 
extraction/insertion. All of these factors worked complementarily in tandem to 
enhance the energy and power densities of Fe-substituted LiMnPO4. This work has 
not identified the optimal Mn content in the LiMn1-xFexPO4/C composition and hence 
it may be possible to increase the energy density further. In addition, the LiMn1-
xFexPO4/C nanocrystallites could also be packed into a dense structure to increase the 
volumetric energy density of the cathode. A synthesis method which aimed to achieve 





CHAPTER 5  Increasing the High Rate 
Performance of Mixed Metal Phospho-Olivine 
Cathodes through Collective and Cooperative 
Strategies 
5. 1 Introduction 




 can form LiMn1-
xFexPO4 (x from 0 to 1) solid-solutions with higher electronic and ionic conductivities 
and less Jahn-Teller distortion, [228-232] allowing the same level of performance in 
nanocrystallites larger than those of LiMnPO4 (sub-100 vs sub-10 nm) [230, 233]. 
Good rate performance in practice, however, still uses an excessive amount of carbon 
for the electrical connection of discrete nanocrystallites. Overall energy density and 
power density of the cathode therefore remain to be low. The assembly of discrete 
primary nanocrystallites into compact organized aggregates offers an opportunity to 
improve the volumetric energy and power densities while keeping the nanocrystallite 
advantage [234, 235]. The assembly has to be implemented in such a way that it 
possesses co-continuous electronic and ionic conductive networks for the transport of 
electrons and Li
+
 [236-238]. Since electron transport between the particles in the 
aggregates depends on in-situ formed thin carbon films where electrical conductivity 
may be limited, the aggregate size has to be moderate so as not to incur transport 
limitations at the aggregate level [239]. Thus, mesoscale assembly is preferred over 





xFexPO4 nanocrystallites, and the assembly of nanocrystallites into mesoscale 
structures, there have been very few reports on assembled LiMn1-xFexPO4 structures in 
the literature. Hence the development of facile and scalable methods for the synthesis 
and assembly of LiMn1-xFexPO4 nanocrystallites into compact mesoscale structures 
with co-continuous networks for electron and ion conduction is essential for realizing 
the true potential of LiMnPO4-based cathodes. 
This chapter reports a design of co-continuous phase-pure monodisperse LiMn1-
xFexPO4/C microboxes through collective and cooperative strategies and their 
preparation. The microboxes were constituted from densely packed carbon-coated 
100-200 nm LiMn1-xFexPO4 nanocrystallites. Pores were formed by the interstices in 
the packed structure. A small amount of Fe substitution was used to improve the 
intrinsic electrochemical properties of LiMnPO4 [240]. Each nanocrystallite was 
coated with a layer of carbon to reduce the electrical resistance between the 
nanocrystallites. The nanocrystallites in the microboxes were densely packed so that 
the carbon coating formed a continuous 3D network for electron conduction through 
the aggregates. The interstices in the microboxes formed the complementary network 
of interconnected pores to support efficient electrolyte infusion to reduce the Li
+ 
diffusion resistance external to the nanocrystallites. Monodispersity of the microboxes 
also enabled a more even charge distribution and minimized the local perturbations of 
mass transfer processes. Consequently these monodisperse microboxes were capable 
of delivering excellent discharge capacities of 116 mAhg
-1 
at the 5 C rate (C = 170 
mAg
-1
) and 88 mAhg
-1 
at the 10 C rate. Such impressive rate performance places these 
microboxes the best of LiMnPO4-based cathodes with low carbon loading. The 
preparation leveraged firstly on a high yield synthesis of monodisperse Mn1-





solution chemistry method that preserved the size and shape of the microboxes was 
then applied to implant the carbon source; followed by a finishing heat treatment.  
5. 2 Experimental Section 
5.2.1 Materials Preparation 
Monodisperse LiMn1-xFexPO4/C microboxes were synthesized by a two-step process. 
In the first step, monodisperse Mn1-xFexPO4·H2O microboxes were synthesized. In the 
second step, Mn1-xFexPO4·H2O microboxes together  with lithium acetate and glucose 
monohydrate were heated to form LiMn1-xFexPO4/C microboxes followed by 
crystallization refinement by calcination.  
Monodisperse Mn1-xFexPO4·H2O microboxes were prepared by the co-precipitation 
method. 4.25 g Mn(NO3)2·4H2O (Sigma Aldrich) and 1.07 g Fe(NO3)3·9H2O (Sigma 
Aldrich) were dissolved in ethanol to a total volume of 30 ml,  5 ml H3PO4 (85 wt.%) 
(Mallinckrodt) was then added quickly under probe sonication (Sonics VCX 750 W) 
for 1 min. The resultant solution was transferred to a 50 ml Teflon-lined autoclave for 
1 h of reaction at 40 °C. The reaction product was recovered as a precipitate, washed 
twice with DI water and centrifuged, and dried at 60 °C for 12 h. The progress in 
microbox formation was sampled by analysing the reaction mixture at 15 min, 30 min, 
40 min, 1 h and 4 h into the reaction. 
The synthesis of LiMn1-xFexPO4/C was then carried out as follows: equimolar 
quantities of LiCH3COO·2H2O (Sigma Aldrich) and Mn1-xFexPO4·H2O; and 30 wt.% 
glucose monohydrate were mixed in ethanol and bath-sonicated for 1 h (Branson 
2510). Ethanol was then allowed to evaporate and the residue was calcined at 600 °C 





also prepared by the solid-state reaction from a mixture of LiCH3COO·2H2O, 
FeC2O4·2H2O (Sigma Aldrich), Mn(CH3COO)2·4H2O, NH4H2PO4 (Sigma Aldrich) 
(Li:Fe:Mn:P = 1:0.13:0.87:1) and Super P carbon (10 wt.% of the final product). The 
mixture was ball-milled intermittently for a total of 4 h (30 min grinding followed by 
30 min of rest). The mixture was heat-treated at 350 °C for 10 h, mixed with 10 wt.% 
sucrose and ball-milled again for one more hour before another heat-treatment at 
600 °C for 12 h in flowing Ar. 
5.2.2 Materials Characterization 
The morphologies of LiMn1-xFexPO4/C microboxes and SSR-nano were examined by 
FESEM on a JEOL JSM-6700F; and by FETEM on a JEOL JEM-2010F. The carbon 
content in LiMn1-xFexPO4/C was assayed by TGA on a Shimadzu DT-60H. Crystallite 
structure determinations were based on X-ray diffraction measurements of the 
samples on a Bruker D8 Advance diffractometer using Cu Kα irradiation. EDX 
measurements were performed during the FESEM and FETEM sessions to obtain 
average elemental compositions and the compositions of single microboxes 
respectively. 
5.2.3 Electrochemical measurements 
Monodisperse LiMn1-xFexPO4/C microboxes or SSR-nano (~ 50 nm), Super P carbon 
and polyvinylidene fluoride (PVDF) (Sigma Aldrich) in a weight ratio of 8:1:1 were 
mixed into a consistent slurry in N-methylpyrrolidone (NMP) (Sigma Aldrich). The 
slurry was applied uniformly on an aluminium foil current collector to a loading of ~3 
mgcm
-2
 followed by drying in vacuum at 120 °C overnight. The thickness of the 





microboxes and 20 µm for SSR-nano. Electrode density, on the other hand, was 2.5 
gcm
-3
 for the former and 1.5 gcm
-3
 for the latter. The difference in electrode thickness 
was due to the difference in material packing density. Then the electrode film was 
pressed under 2 ton pressure before battery assembly. The working electrode, a 
lithium foil counter cum reference electrode, and a Celgard 2400 membrane separator 
were assembled into a Swagelok cell. The electrolyte was 1 M LiPF6 in a 1:1:1 
(vol./vol.) mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl 
carbonate (DEC) (Hohsen corp). The cells fabricated as such were tested on a Neware 
BTS-5V-1mA battery tester. For the evaluation of rate capability, a constant-current 
constant-voltage (CC-CV) protocol was used where the cells were first charged 
galvanostatically at the 0.1 C rate from 2.5 V to 4.5 V followed by constant-voltage 
charging at 4.5 V until the current density decreased to 0.02 C. On the other hand, the 
cells were allowed to discharge at different constant-current densities. For the test of 
cycle stability, the cells were first cycled at 0.1 C for 5 cycles, followed by charging 
at 0.2 C and then discharging at 0.5 C. An Autolab μAUTOLAB 
potentiostat/galvanostat electrochemical workstation was used for CV at 0.05 mVs
-1
. 
EIS in the frequency range 100 kHz to 0.1 Hz was also performed on the same 
workstation using a FRA2 type III attachment.  
5. 3 Results and Discussion 
5.3.1 Monodisperse Mn1-xFexPO4·H2O Microboxes 
Mn1-xFexPO4·H2O was formed by the classical La Mer’s burst nucleation and growth 





 in ethanol, Mn
2+ 
was oxidized by NO3
-
 in the presence of H
+
 
[242]. The process was fast; allowing Mn
3+ 





period of time. Burse nucleation occurred when the solubility of the mixed phosphate 
Mn1-xFexPO4·H2O exceeded its super-saturation limit in the solution. The nuclei grew 
into nanoparticles following the crystallite habit of Mn1-xFexPO4·H2O. It should be 
emphasized that no surfactant was used in the synthesis, and naturally the 
nanoparticles aggregated to reduce their surface energy. Scanning electron 
microscopy (SEM) (Figure 5.1b) and transmission electron microscopy (TEM) 
(Figure 5.1c) images of Mn1-xFexPO4·H2O synthesized as such show box-like 
aggregates ~ 1 μm in length and width and 600 nm in height with very high 
monodispersity. Closer examinations revealed that the microboxes consisted of 
closely stacked plate-like nanocrystallites. There were small crevices in the packing 
(Inset of Figure 5.1c) where small molecules such as glucose could go through.  
 
Figure 5.1 (a) Schematic showing the preparative steps in the formation of Mn1-
xFexPO4·H2O microboxes; (b) SEM and (c) TEM images of the monodisperse Mn1-










             







Figure 5.2 Morphology of Mn1-xFexPO4·H2O at reaction times of 15 min, 25 min, 
30 min,40 min, 4 h.  
 
Figure 5.3 Mn1-xFexPO4·H2O synthesized under different conditions: (a) addition 




) ethanolic solution with stirring in 1min, followed by 1000 




) solution under 





) solution under sonication for 1 min, followed by 1000 rpm stirring at 40 °C for 




) solution under sonication for  1 min, 










Figure 5.4 XRD pattern of monodisperse Mn1-xFexPO4·H2O microboxes. 
 
Figure 5.5 (a) Low magnification SEM image of Mn1-xFexPO4·H2O and (b) the 
corresponding EDX spectrum.  
There were no further shape changes after the microboxes were formed (in 20 min). 
Increase in time in the first hour of reaction only increased the size of the microboxes. 
A longer reaction time, however, detected the onset of Oswald ripening where the 
redistribution of primary particles resulted in some loss of aggregate monodispersity 
and increase of surface roughness (See Figure 5.2 for a reaction time of 4 h). Figure 
5.3 shows that rapid addition of H3PO4 and ultrasound irradiation during the initial 
nucleation stage was necessary to provide the uniform reaction environment for fast 



















































nucleation. Figure 5.3b indicates that ultrasound could continuously promote 
nucleation during the irradiation period, which resulted in poly-dispersed microboxes 
during the long time irradiation. The comparison between figure 5.3a and c indicates 
that ultrasound irradiation was far more efficient in promoting homogeneous mixing 
and nucleation during the initial nucleation stage (the first 1 minute). The comparison 
between figure 5.3c and d indicates that the reaction was better left undisturbed during 
the growth and assembly stage (from 2
nd
 minute to the end of reaction) for better 
uniformity of the microboxes. X-ray diffraction (XRD) analysis of the microboxes 
yielded the diffraction peaks of Mn1-xFexPO4·H2O (Figure 5.4, JCPDS No. 78-1082). 
Energy dispersive x-ray (EDX) measured a Mn:Fe elemental ratio of 6.65:1 for the 
microboxes (Figure 5.5). This value was used to derive the molecular formula of 
Mn0.87Fe0.13PO4·H2O. The Mn content in Mn0.87Fe0.13PO4·H2O was sufficiently high 
to support an extended operation in the 4 V region to reap the benefit of increased 
energy density. 
5.3.2 Monodisperse LiMn1-xFexPO4/C Microboxes 
Figure 5.6a and b are schematics of the surface carbon coating emphasizing on its 
connectivity to form a continuous 3D network which electrically integrated the 
nanocrystallites. Figure 5.6c and d show that the incorporation of lithium into the 
Mn1-xFexPO4·H2O precursor to form LiMn1-xFexPO4 did not change the size and shape 
of the microboxes. This was because the incorporation of Li
+
 accompanied by the 
departure of H2O from Mn1-xFexPO4·H2O and the reduction of M
3+
 (M=Mn, Fe) by 
glucose decomposition, did not involve major structural rearrangement [242, 243]. 
Hence the LiMn1-xFexPO4 synthesized as such was well poised to retain the 





There was, however, some increase in surface roughness after lithium incorporation. 
The structure and monodispersity of the microboxes were however not significantly 
affected by the ensuing heat treatment. Monodispersity is desirable as the transport 
resistances (both electronic and ionic) can be more evenly distributed to support 
higher rate performance and cycle stability in battery operations.  
 
Figure 5.6 The interconnected carbon coating on LiMn1-xFexPO4/C 
nanocrystallites and (b) 3D network for electron transport in carbon-coated microbox; 
(c) SEM and (d) TEM images of monodisperse LiMn1-xFexPO4/C microboxes; (e) 
HRTEM image showing a thin layer of disordered carbon on the nanocrystallite 
surface. 
Ultrasonication was critical in this step to promote the extensive penetration of 
glucose molecules into the densely packed Mn1-xFexPO4·H2O microbox structure. The 
carbon layer formed by the ensuing carbonization of adsorbed glucose on the 
nanocrystallite surface was effective in suppressing the crystallite growth of the 
































treatment. Consequently the microboxes still consisted of stacked 100-200 nm 
nanocrystallites after the heat treatment. Nonetheless some thermally induced ripening 
had occurred to result in more distinctive boundaries between the nanocrystallites and 
some hollowing of the microbox core area (Figure 5.6c and d insets). The increase in 
the porosity of the microboxes due to these internal features could indeed be 
beneficial to electrolyte permeation during battery operations. Porosity also 
contributed to structural stability by providing free surfaces to reduce the microstrain 
in repeated charging and discharging. The porosity increase was however moderate so 
as not to undermine the mechanical strength of the structure. Figure 5.6e shows that 
the carbon coating on the nanocrystallites was ~3 nm thick. Thermogravimetric 
analysis (TGA) measured the total carbon content in the microboxes to be 5.93 wt.% 
(Figure 5.7). For comparison, the LiMn1-xFexPO4/C (SSR-nano) prepared via the 
solid-state synthesis route consisted only of unorganized 50-100 nm particles (Figure 
5.8). 
 
Figure 5.7 Thermogravimetric analysis of LiMn1-xFexPO4/C microboxes. 































Figure 5.8 (a) SEM and (b) TEM images of SSR-nano. 
 
Figure 5.9 (a) XRD patterns of the microboxes and SSR-nano; (b-e) TEM image 
of a single microbox and corresponding element mapping, Fe (red), Mn (blue) and P 
(green). 
XRD data in the 2 theta range of 15-45 ° as shown in Figure 5.9a confirmed the 
ordered olivine structure (space group: Pnma) of LiMn1-xFexPO4/C microboxes and 








SSR-nano. There were no peaks that could be attributed to LiFePO4 and LiMnPO4 
phases; indicating the effectiveness of the syntheses in producing phase-pure Fe-
substituted LiMn1-xFexPO4 solid-solutions. The absence of impurities such as Fe2O3, 
Li3(Fe,Mn)2(PO4)3 in the olivine structure, which are known to impair the 
performance in reversible Li
+









 by glucose respectively [244-246]. The uniformity of Fe and 
Mn distributions in the microboxes was confirmed by elemental mapping (Figure 
5.9b-e), and indicated the successful partial substitution of Mn by Fe in the olivine 
structure. The distributive substitution of Mn by Fe in LiMnPO4 could restrain Jahn-
Teller distortion to reduce the electron hopping energy barrier and the distortion of the 
Li
+
 transport channels. The electrochemical activity of olivine was expected to 
improve as a result [228]. The high Mn content of the monodisperse microboxes 
(x=0.13 in LiMn1-xFexPO4/C) increased the use of the 4.1 V voltage plateau and 









5.3.3 Electrochemical Performance and Structure Stability of LiMn1-xFexPO4/C 
Microboxes 
 
Figure 5.10 (a) Charge and discharge curves at 0.1 C of monodisperse LiMn1-
xFexPO4/C microboxes and SSR-nano. Cells were charged by the constant current-
constant voltage (CC-CV) protocol from 2.5 V to 4.5 V at 0.1 C and then rested at 4.5 
V until the current density decreased to 0.02 C; (b) rate performance of the 
monodisperse microboxes, same charge protocol as that in (a) but the discharge was 
carried out at different rates; (c) energy density vs C-rate plot; (d) cycling 
performance at 0.5 C (Charging protocol: CC-CV, 0.2 C charging, holding at 4.5 V 
until 0.05 C). 
 
Figure 5.11 Cyclic voltammograms of LiMn1-xFexPO4/C microboxes at 0.05 mVs
-1
. 
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Figure 5.10a shows the typical charge and discharge curves of the microboxes and 
SSR-nano at the 0.1 C rate. The microboxes clearly outperformed SSR-nano in terms 
of gravimetric Li
+
 storage capacity and energy density. The discharge capacity of 
LiMn1-xFexPO4/C microboxes was 148 mAhg
-1 
with a distinct voltage plateau at 4.1 V 
characteristic of the two-phase Mn
2+/3+ 
redox reaction and a sloping discharge curve 
centering at 3.6 V corresponding to the single-phase Fe
2+/3+ 
redox reaction. The well-
defined voltage plateau is an indication of good electrical connectivity between the 
nanocrystallites in the aggregates [247, 248]. By comparison SSR-nano only delivered 
110 mAhg
-1 
on discharge and displayed a narrow discharge plateau at 3.8 V for the 
Mn
2+/3+
 redox reaction suggesting a poorer material electrical conductivity. Even with 
the use of a large excess of conductive carbon additive in electrode fabrication, SSR-
nano still exhibited substantial inter-particle contact resistance indicating inadequate 
electronic integration of its nanocrystallites. The corollary from these observations is 
that only the monodisperse microboxes embodied an effective network for electron 
transport between the nanocrystallites. The redox reactions were also characterized by 
cyclic voltammetry (CV) at a slow scan rate of 0.05 mVs
-1
 (Figure 5.11). The 
resulting voltammograms showed an anodic peak at 3.67 V and a cathodic peak at 
3.53 V due to the oxidation of Fe
2+
 and the reduction of Fe
3+
 respectively. Likewise 
the peaks at 4.21 V and 3.88 V could be attributed to the oxidation Mn
2+
 and the 
reduction of Mn
3+





sharper and more distinct than the Mn
2+
 oxidation peak (Li
+
 de-intercalation) 
suggesting that discharging was kinetically more facile than charging. We could 





 attractive interaction during discharge and weaker VLi+ - Mn
3+
, VLi+ - Fe
3+
 





narrowing of the Li
+
 diffusion channel during charging thereby increasing the 




Figure 5.12 Electrode thicknesses of (a) SSR-nano and (b) LiMn1-xFexPO4/C 
microboxes. 
The monodisperse microboxes also delivered very good high rate performance. Figure 
5.10b shows the measurements carried out at different discharge rates from 0.1 C to 
10 C. The monodisperse microboxes were able to deliver discharge capacities of 116 
mAhg
-1
 and 88 mAhg
-1 
at rates as high as 5 C (850 mAg
-1
) and 10 C (1700 mAg
-1
) 
respectively, even though their primary particle size was large compared with 
previously reported LiMn1-xFexPO4/C (120 mAhg
-1 
at 2 C, C = 170 mAg
-1
, with 30 
wt.% carbon in the composite) [230]. Voltage plateaus were still evident at the 10 C 
rate, reflecting the superior electronic properties of the microboxes relative to 
unorganized nanocrystallites. In terms of gravimetric energy density (Figure 5.10c), 
the microboxes showed no appreciable decrease in specific energy density until the 
discharge rate was 2 C and above. By comparison, SSR-nano showed substantially 
lower energy densities throughout the range of tested current densities. The 
persistence of high specific energy density was made possible by an effective network 
of electron and Li
+
 transport which minimized polarizations due to transport 






nano. The thickness of the electrode compacted by 2 ton pressure was 12 µm for the 
microboxes and 20 µm for SSR-nano;  corresponding to electrode densities of 2.5 
gcm
-3
 for the former and 1.5 gcm
-3
 for the latter.(Figure 5.12) The difference in 
electrode thickness could be understood in terms of their different packing density.  
The volumetric capacity at 0.1 C was 370 mAh/cm
3
 for the microboxes; which more 




Figure 5.13 Charge and discharge curves of the microboxes. The electrode was 
changed galvanostatically at 0.2 C followed by constant-voltage charging at 4.5 V 
until the current decreased to  0.05 C. Discharge was carried out galvanostatically at 




Figure 5.14 (a) Microboxes electrode cycled at 0.2 C charging and 0.5 C 
discharging rates, and (b) corresponding electrochemical impedance. 







































































Figure 5.15 (a) SEM and (b) TEM images of the cycled microboxes electrode. 
Other than a high rate performance, the microboxes were also stable to cycling. 
Figure 5.10d shows that after 5 conditioning cycles at low rates, the microboxes 
retained ~96 % of its initial discharge capacity at 0.5 C for a total of 50 cycles. By 
comparison the SSR-nano, which had lower capacity at 0.5 C, provided only 40 
mAhg
-1
, or approximately one third of the capacity of the microboxes, in the same 
number of cycles. The microboxes were also able to maintain distinct voltage profiles 
when charging at the 0.2 C rate and discharging at the 0.5 C rate (Figure 5.13). The 
microboxes after different numbers of cycles were analysed by electrochemical 
impedance spectroscopy (EIS) for additional information on material cyclability. The 
data in Figure 5.14 was collected from a cell cycled under the same condition as that 





 cycles. The increase in the size of the semi-circular arc 
relative to a pristine, un-cycled electrode could be attributed to the formation of a 
solid electrolyte interphase (SEI) on the surface of the microboxes [249-251]. The 
size of the semi-circular arc changed very little after 10 cycles, indicating the stability 
and the robustness of the SEI layer. The Swagelok cell was disassembled after 50 
cycles. The electrode film was removed from the aluminium current collector and 






washed with NMP for morphology examination. Figure 5.15 shows that many of the 
microboxes after cycling kept the same box-like appearance and similar 
nanocrystallite size and pore structure as those before cycling. Considering the ~ 10 % 
of volume change during charging and discharging,
 
the microboxes were therefore 
chemically and mechanically resilient [191]. Structural stability was critical to 
preserving the integrity of the conducting network in repetitive charge and discharge 
operations for a stable cycling performance. Monodispersity of the microboxes was an 
important feature since each microbox was subjected to similar conditions in electron 
and Li
+
 transfers. Consequently a more macroscopically uniform current distribution 
could be maintained in the electrode. Such uniformity minimized local perturbations 
to contribute to a more sustained cycling performance [252-254]. 
5. 4 Conclusion 
In brief, we have synthesized a high performance LiMn1-xFexPO4/C based on a 
combination of several materials design strategies to improve a number of 
performance areas. The composite, in the form of monodisperse LiMn1-xFexPO4/C 
microboxes, was prepared by a facile and scalable synthesis method. It represents the 
best LiMn1-xFexPO4/C-based cathodes and delivered high energy density with 
excellent rate capability and cycling stability. The very satisfactory electrochemical 
performance could be attributed to a compact porous microstructure with a 3D 
electron and ionic conductive network for efficient electron and mass transport. 
Macroscopically size and shape uniformity supported a more uniform current 
distribution in the electrode, and together with a resilient microstructure and stable 
interface, contributed to the high cycle stability. The synthesis method can be easily 





laboratory curiosity.  The rate performance and cycle stability could be further 
improved by increasing the quality of the carbon network in the aggregates. The next 
chapter will demonstrate a novel Ni-catalysed carbon graphitization technique to 





CHAPTER 6  Porous Graphitic Coating of 
LiMn0.87Fe0.13PO4 Cathode for High Rate and 
Sustained Operations in Lithium Ion Batteries 
6. 1 Introduction 
Chapter 5 shows that the concurrent application of size reduction, carbon coating and 
nanocrystallite assembly could significantly improve the electrochemical properties of 
LiMn0.87Fe0.13PO4. The carbon surface coating is generally very thin, about a few 
nanometers in thickness at most, so as not to hinder Li
+
 transport and lower the energy 
density of the Li
+
 storage host. The main issues with many current carbon coatings are 
low electrical conductivity and the lack of pores to support Li
+
 diffusion. The design 
and fabrication of carbon coatings with high conductivity and the right porosity are 
therefore as important as the Li
+
 storage host, if not more. The extent of improvement 
to LiMn0.87Fe0.13PO4 is therefore expected to depend strongly on the quality and 
structure of the carbon coating. The optimization of the carbon coating is described in 
this final  chapter of the thesis research.  
 
Many organic molecules have been used as carbon precursors by different research 
groups [255-257]. The pyrolysis of organic precursors is usually carried out at low 
temperature (<700 °C) [258, 259] to prevent the recrystallization of Li
+
 host materials 
into large crystallites and hence lose their nanoscale advantage. However, the carbon 
film formed at such low temperature is amorphous, and has low conductivities for 
electrons and Li
+





due to the trapping of Li
+
 and other mobile species [259, 262], and consequently 
lower performance and cycle stability of the Li
+
 host in charging and discharging. It is 
therefore worthwhile to develop a low temperature method which can deposit a highly 
conductive porous carbon coating on the Li
+
 storage material. The porosity in the film 
is there to provide direct access of Li
+ 
from the electrolyte. The film thickness must of 
course be controllable and sufficiently thin.   
 
This chapter demonstrates the use of nickel as a catalyst to produce a highly graphitic 
(hence conducting) porous carbon film on LiMn0.87Fe0.13PO4 phospho-olivine cathode 
with simultaneous improvement of rate performance and cycle stability. The synthesis 
of porous graphitic carbon coating on LiMn0.87Fe0.13PO4 (LMFP-Ni) was carried out 
in two steps. In the first step, glucose, nickel nitrate, and lithium acetate were coated 
on the surface of Mn0.87Fe0.13PO4·H2O. The second step was pyrolysis which 
crystallized the LiMn0.87Fe0.13PO4 and deposited a porous graphitic carbon coating at 
the same time. Nickel served two purposes in the synthesis: 1) after the formation of 
an amorphous carbon film from  glucose carbonation at 190-220 
o
C, nickel nitrate 
decomposed at around 350 
o
C [263] to NiO which oxidized part of the carbon to form 
holes in the amorphous carbon film. NiO was reduced to Ni metal in the process. 2) 
The Ni metal could then catalyze the graphitization of the amorphous carbon film at a 
temperatures above 400
 o
C [263, 264]. A carbon coated LiMn0.87Fe0.13PO4 (LMFP) 
sample was also prepared without nickel to demonstrate the effect of nickel catalysis 





6. 2 Experimental Section 
6.2.1 Materials Preparation 
A two-step process was used to synthesize LMFP-Ni or LMFP. Mn0.87Fe0.13PO4·H2O 
microboxes were first prepared according to a previous procedure [265]. This was 
followed by reactions with lithium acetate and glucose monohydrate with and without 
a nickel salt (nickel nitrate).  
The synthesis of LMFP-Ni was carried out as follows: equimolar quantities of 
LiCH3COO·2H2O (Sigma Aldrich) and Mn0.87Fe0.13PO4·H2O, 1 wt.% Ni(NO3)2·4H2O, 
and 30 wt.% glucose monohydrate were mixed in ethanol and bath-sonicated for 1 h 
(Branson 2510). Ethanol was then evaporated and the residue was heated at 600 °C in 
flowing Ar for 12 h. The synthesis of LMFP was similar except without the use of 
Ni(NO3)2·4H2O. 
6.2.2 Materials Characterization 
The morphology of LMFP-Ni and LMFP was examined by field emission 
transmission electron microscopy (FETEM) on a JEOL JEM-2010F microscope. The 
carbon contents of LMFP-Ni and LMFP were determined by Thermogravimetric 
analysis (TGA) using a Shimadzu DT-60H. Crystallite structure determinations by X-
ray diffraction (XRD) were performed by a Bruker D8 Advance diffractometer using 
a Cu Kα source. EDX measurements were carried out during the FETEM sessions to 
assay the average elemental compositions. Raman spectroscopy was performed on a 
Renishaw 1000 Raman spectrometer using a 100mW 514.5 nm laser and a charge 





VG ESCALAB MKII spectrometer operating at 25 KV. Binding energies were 
referred to 284.0 eV for the C1s peak. 
6.2.3 Electronic and ionic conductivity measurements 
Powder The measurement of the electronic and ionic conductivities of phospho-
olivine samples was based on a previously published method [266]. Powder samples 
of LMFP and LMFP-Ni were die-pressed into pellets 1 cm in diameter and 0.32 to 
1.32 mm in thickness. Both faces of the pellets were coated with silver conducting 
paste to an effective area of 0.196 cm
2
. An Autolab μAUTOLAB with a FRA III 
frequency analyzer attachment was used for the measurement of electronic/ionic 
conductivities. The mmeasurements were taken in the 1 M Hz to 0.1 Hz frequency 
range using a ± 5 mV perturbation. The electronic conductivities of the samples were 
also measured by sweeping the voltage from 0 V to 0.1 V linearly at 1 mVs
-1
 on the 
same μAUTOLAB.  
6.2.4 Electrochemical measurements 
LMFP-Ni or LMFP, Super P carbon and polyvinylidene fluoride (PVDF) (Sigma 
Aldrich) in a 8:1:1 weight ratio were mixed in N-methyl pyrrolidone (NMP) (Sigma 
Aldrich) to form a slurry.  The slurry was applied uniformly on an aluminium foil 
current collector to a loading of ~ 5 mgcm
-2
 followed by drying in vacuum at 120 °C 
overnight. The coated current collector was then pressed at 2 tons of pressure to form 
the working electrode. The working electrode, a lithium foil counter cum reference 
electrode, and a Celgard 2400 membrane separator were assembled into a Swagelok 
cell.  The electrolyte was a 1 M LiPF6 in a 1:1:1 (vol./vol.) mixture of ethylene 





corp). Cell assembly was carried out in a MBraun glove box where oxygen and 
moisture contents were below 1 ppm each. The cells were tested on a Neware BTS-
5V-1mA battery tester. For the rate performance tests, a constant-current constant-
voltage (CC-CV) protocol was used for charging (the cells were charged at 0.1 C rate 
from 2.5 V to 4.5 V followed by constant-voltage charging at 4.5 V until the current 
density dropped to 0.02 C). On the other hand, the cells were discharged at different 
constant-current densities. For the test of cycle stability, the cells were first cycled at 
0.1 C for 5 cycles, followed by charging at 0.2 C and then discharging at 0.5 C. 
Charge/discharge reactions were examined by cyclic voltammetry on the Autolab 
μAUTOLAB. A sweep rate of 0.05 mVs-1 was used.  
6. 3 Results and discussion 
The carbon coating on LMFP-Ni in the TEM image in Figure 6.1 shows a stratified 
layer structure. The interlayer distance of 0.34 nm agrees well with that of graphite, 
suggesting the presence of ordered carbon in the carbon layer. The layered carbon 
coating contained ~ 6 single layers of carbon stacked into a 2 ~ 3 nm film. There were, 
however, mesopores in the layer structure (e.g. the circled areas in the TEM image). 
We posit that the mesopores were formed by the local oxidation of amorphous carbon 
by NiO. NiO was reduced to Ni metal in the process and then catalyzed the 
graphitization of the amorphous carbon film. The partial decomposition of the 
amorphous carbon film is supported by the fact that the carbon content of LMFP-Ni 
(4.75 wt.%) was lower than that of Ni-free LMFP (5.98 wt.%) (Figure 6.2). Previous 
studies have shown that Li
+
 transport is strictly prohibited across the graphite basal 
planes but unrestrained in the basal plane [267, 268]. A surface fully covered with 
graphitic carbon presents a large energy barrier to Li
+





mesopores in the carbon film provided Li
+
 with a low energy alternative to access the 
underlying LMFP surface. The porous graphitic film not only supported faster Li
+
 
across it; but also helped to distribute Li
+
 more evenly and facilely over the LMFP-Ni 
nanocrystallite surface for intercalation into the latter.  
 
Figure 6.1 SEM images of LMFP-Ni (a) and LMFP (b). The circled area shows a  
pore in the carbon film on LMFP-Ni. The arrow indicates a 3-4 nm thick disordered 
carbon on the LMFP surface.  
On the contrary, the carbon film on LMFP prepared without a nickel salt was 
amorphous without an ordered carbon structure (Figure 6.1b). In addition, the carbon 
film was evenly deposited on the LMFP crystallite surface without the mesopores for 
Li
+
 to access the underlying LMFP easily. The amorphous carbon coating on LMFP is 
expected to pose a greater hindrance to Li
+
 diffusion across it compared with the case 











Figure 6.2 TGA curves of LMFP-Ni and LMFP. 
The degrees of graphitization of the carbon coatings on LMFP-Ni and LMFP were 
analyzed by Raman spectroscopy. Figure 6.3 shows the Raman spectra in the 1000-
2000 cm
-1
 spectral region.  Two peaks at ~1360 cm
-1
 and ~1580 cm
-1
 were present in 
both LMFP and LMFP-Ni samples. The high frequency peak at ~1580 cm
-1
 (G band) 
is attributable to the E2g in-plan stretching mode of graphitic carbon, [269, 270] and 
the low frequency peak at ~1360 cm
-1
 (D band) to the A1g mode Raman-active 
vibrations of disordered carbon (or defects) in the graphite structure [271]. The ID/IG 
integrated intensity ratio, a measure of carbon disorder, was 0.8 for LMFP but was 
significantly reduced to 0.51 for LMFP-Ni. Hence LMFP-Ni should have an overall 
better electrical conductivity than LMFP. This was confirmed by linear voltage sweep 









 respectively. Furthermore, the D-band full width at 
half maximum also decreased from 279 cm
-1
 to 205 cm
-1
 for the carbon film 
processed with Ni. These results indicate that Ni promoted the graphitization of 
carbon in the pyrolyzed film. Interestingly LMFP-Ni also had a peak at 1050 cm
-1
 






























which matches with the anti-symmetric vibration of the PO4
3-
 group. The prominence 
of this peak could be related to the partial coverage of the LMFP-Ni surface by carbon; 
allowing the incident photons to interact directly with the LMFP surface. This finding 
corroborated the observation of mesopores in TEM imaging and the lower carbon 
content of LMFP-Ni in TGA measurements (Figure 6.2). By comparison there was no 
perceptible absorption by the PO4
3-
 group in the 1000-1100 cm
-1
 spectral region for 
LMFP because of the more complete coverage of the phospho-olivine surface by the 
carbon film. 
 
Figure 6.3 Raman spectra of LMFP-Ni (a) and LMFP (b). 
















































The formation of metallic Ni nanoparticles was critical to the catalytic graphitization 
of amorphous carbon. XPS was used to examine the oxidation states of Ni in LMFP-
Ni. The Ni 2P3/2 spectrum of LMFP-Ni in Figure 6.4 shows a mixture of divalent and 
zero-valent Ni [272-274]. The peaks at 862.5 eV and 857 eV are assignable to Ni
2+
 
while the peaks at 852 eV and 860 eV to the nickel metal. The calculated ratio of Ni
2+
 
to Ni metal was 58:42. Hence, 42 % of the original divalent nickel salt had been 
converted to zero valent nickel. The zero-valent Ni was present most likely as small 
nanocrystallites and catalyzed the graphitization of carbon [264, 275]. The EDX 
elemental maps in Figure 6.5 show that Ni was uniformly distributed in LMFP-Ni.  
 
Figure 6.4 Ni 2p3/2 XPS spectra of LMFP-Ni. The peaks at 862.5 eV and 856.6 
eV are assignable to Ni
2+
; and the peaks at 852 and 860 eV to metallic Ni. 
Approximately 42 % of Ni is in the metallic state.  





























Figure 6.5 (a) TEM image of LMFP-Ni ; (b-d) Element maps of the sampled area.  
 
Figure 6.6 Rietveld refinement of powder XRD patterns of (a): LMFP-Ni and (b) 
LMFP. The refinements provided good reliability factors Rwp=5.33 % and 5.22 % for 
LMFP-Ni and LMFP respectively. The calculated cell parameters for LMFP-Ni are: 
a=10.4174(6)Å; b=6.0824(3)Å; c=4.7382(4)Å and V=300.226(4)Å
3
. The cell 












































There also exists the possibility that some divalent Ni ions were incorporated into the 
phospho-olivine structure as a dopant. Ni
2+
 doping could occur at the Li
+





 sites; with the former being an unfavorable event since it could cause 
blockage of the one-dimensional Li
+
 diffusional channels in the phospho-olivine 
structure [102]. XRD analyses of LMFP-Ni and LMFP were used to determine the 
location of Ni
2+
 by Rietveld refinement.  The XRD pattern (Figure 6.6) does not 
contain diffractions other than those of phospho-olivine. Hence the nickel metal 
implicated in XPS measurements must not have existed as a significant other phase. 
Rietveld refinement of the XRD data also resulted in smaller lattice parameters (all 
three of them) for LMFP-Ni than LMFP. This could be understood as a consequence 
of Ni doping since Ni
2+




 in ionic radius. Rietveld 
refinement analysis revealed a higher reliability factor (Rwp, 5.33%) for Ni
2+
 in the 
Mn
2+
 sites than for Ni
2+
 in the Li
+
 sites (Rwp, 6.43 %). Hence Ni
2+
 doping occurred 
mostly at the Mn
2+
 sites.  Ni
2+
 doping could bring about improvements in the 
phospho-olivine bulk transport properties [276-278]. The impedance spectra and the 
equivalent circuit model in Figure 6.7 were used to calculate the ionic conductivities. 








 for LMFP. The 
ionic conductivity of LMFP-Ni was clearly improved by Ni
2+
 doping. The electronic 









 for LMFP, which agree very well with the electronic 






Figure 6.7 Impedance spectra of a): LMFP and b): LMFP-Ni. Pressed pellets were 
used for the impedance measurements at 24 
o
C. Geometric parameters of the LMFP 
pellet: effective area = 0.196 cm
2
; thickness = 0.32 mm. Geometric parameters of the 
LMFP pellet: effective area = 0.196 cm
2
; thickness=1.32 mm. The measured data 
were fitted using the equivalent circuits shown as insets. The fitted electronic 
resistance (Re) was 1289 Ω for LMFP and 3429 Ω for LMFP-Ni. The fitted ionic 
resistance (Ri) was 941 Ω for LMFP and 1554 Ω for LMFP-Ni. 
The combination of surface modification (a porous graphitic carbon coating) and bulk 
nanocrystallite engineering (Ni
2+ 
doping of the phospho-olivine structure) should 
contribute collectively to noticeable improvements of the rate performance of LMFP-
Ni. The rate performance of LMFP-Ni and LMFP was evaluated by galvanostatic 
charging and discharging as shown in Figure 6.8. There was an initial increase in the 
discharge capacity of LMFP-Ni to 146 mAhg
-1
 after the first five cycles at the 0.1 C 
rate. The increase in specific capacity at the start of cycling could be attributed to 
various activation effects [219, 279]. The increase in specific capacity is consistent 
with the gradual increase of reduction current in cyclic voltammetry (Figure 6.9). An 
increase in the discharge rate differentiated the rate performance of LMFP-Ni and 
LMFP significantly. The higher voltage plateaus (at 50% depth of discharge) of 
LMFP-Ni in Figure 6.10 are also indication of reduced polarization.  At a high 
discharge rate of 5 C, the capacity of LMFP-Ni was 25 % more than that of LMFP. 
The energy density for LMFP-Ni was also 23.4 % more than that of LMFP at the 5 C 
discharge rate. (Figure 6.11) 





































Figure 6.8 Rate performances of LMFP-Ni and LMFP. 
 
Figure 6.9 Cyclic voltammograms of a): LMFP and b): LMFP-Ni at a scan rate of 
0.05 mV/s.  
 
Figure 6.10 Typical discharge rate profiles of a): LMFP and b): LMFP-Ni. 
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Figure 6.11 Comparison of energy densities of LMFP and LMFP-Ni at different 
discharge rates.  
Besides rate performance improvement, LMFP-Ni also improved upon the cycle 
stability of LMFP.  As shown in Figure 6.12b, after 5 conditioning cycles at low 
current density (at 0.1 C), LMFP-Ni showed rising specific discharge capacity (at 0.5 
C) until 151 mAhg
-1
. The specific discharge capacity was very stable thereafter. 
Approximately 94 % of the maximum attainable capacity (151 mAhg
-1
) was still 
available after 200 cycles. The comparative LMFP sample showed significant 
capacity fading in the same number of cycles; retaining only 66.7 % of its initial 
capacity. Table 1 shows clearly that LMFP-Ni has by far the best performance among 
LiMnPO4-based cathodes.  The porous graphitic carbon coating on the LMFP-Ni 
nanocrystallites which provided good electrical conductivity concurrently with ease of 
Li
+
 diffusion should be the major contributing factor in the cycle stability 
improvement.  


































Figure 6.12 Cycle performances of LMFP-Ni and LMFP. 
 Comparison of properties and performance of LiMnPO4 based Table 6.2
cathodes. 
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6. 4 Conclusion 
A nickel-catalyzed graphitic carbon coating method was developed to improve the 
rate performance and cycle stability of LiMnPO4 phosphoolivine cathodes. The 
experimental results show that the decomposition of nickel nitrate to Ni created 
mesopores in the initially amorphous carbon coating on the LiMn0.87Fe0.13PO4 
nanocrystallite surface. The Ni metal then catalyzed the graphitization of the porous 
carbon film in calcination. The resulting porous graphitic carbon film on 
LiMn0.87Fe0.13PO4 provided higher electronic and Li
+
 conductivities than a 
conventionally carbon-coated LiMn0.87Fe0.13PO4. Some Ni
2+
 had apparently been 
doped into the phospho-olivine structure resulting in the improvement of the bulk 
transport properties of LiMn0.87Fe0.13PO4. The coupling of surface modification 
(porous graphitic carbon coating) and bulk nanocrystallite engineering (Ni-doped 
LiMn0.87Fe0.13PO4) worked in tandem to deliver simultaneously high rate performance 





CHAPTER 7  Conclusion and   
recommandations 
7. 1 Conclusion 
The continuing development of lithium-ion batteries, especially those targeting larger 
scale applications such as electric vehicles and grid-scale energy storage; has to focus 
on higher performance (energy density, power density, cycle stability), safety and 
lower cost. The phospho-olivine cathodes, a family of structurally robust Li
+
 storage 
hosts with high theoretical capacity and low raw material cost; have been promoted as 
one of the materials solutions. The practical performance of phospho-olivines, 
however, reveals some technology gap between theory and practice. Research over 
the years has shown that the electrochemical activity of phospho-olivines is 
constrained by their low conductivities. Crystallite size reduction, surface carbon 
coating and crystallite lattice doping have been the common mitigating methods. The 
issues with these approaches are the quality of the carbon coating, the dead weight 
effect of carbon on energy density and power densities, and the limitations of the 
mitigation measures when they are applied alone, or without synergy with others. This 
thesis aims to improve the energy and power densities of phospho-olivine cathodes 
through: (1) reduction of the use of carbon by providing uniformity and thickness 
control of the coating (Chapter 3); (2) a combination of crystallite size reduction, 
crystallite lattice doping, and carbon coating (Chapter 4);  (3) controlled aggregation 
of nanocrystallites and their electronic integration through a percolating conducting 
carbon network (Chapter 5); and (4) improving the quality of the carbon network in 





1. LiFePO4 with a uniform ultrathin carbon coating was prepared by the heat 
treatment of polydopamine-coated LiFePO4. The carbon content in the LiFePO4/C 
composite was as low as 1 wt.% and yet very good high rate performance (143 
mAh/g at 10 C) and good cycle stability (no capacity fading for 75 cycles) were 
obtained. The good performance can be attributed to the high conductivity of the 
carbon coating and its uniform coverage on LiFePO4. All of these were made 
possible by the self-limiting oxidative polymerization of dopamine by the Fe
3+
 on 
the LiFePO4.  
 
2. LiMnPO4 as a cathode material has some inherent advantages over LiFePO4 but it 
is also severely constrained by the conductivity issue. The modification of 
LiMnPO4 was therefore focused on transport property improvements through the 
combination of crystallite size reduction, Fe
2+
 doping, and the design of a 
percolating conducting carbon network. The composite prepared as such 
(LiMn0.7Fe0.3PO4/C) surpassed LiMnPO4/C in energy storage capability. For 
example, the specific energy density of LiMn0.7Fe0.3PO4/C (320 mWh/g) is nearly 
double of that of LiMnPO4/C (185 mWh/g) at the 5 C rate. Several factors have 
been identified to be responsible for the improved performance. Firstly, the 
downsizing of the LiMn0.7Fe0.3PO4 crystallites to ~ 50 nm significantly reduced 
the diffusion lengths of the charge carriers in the nanocrystallite bulk. Secondly, 
the Fe
2+
 doping of the LiMnPO4 lattice further improved the solid state transport 
of Li
+
 and electrons and also expanded the single-phase reaction region of the Li
+
 
storage reaction. Lastly the embedded carbon current collectors and the carbon 





external resistance in electron transport. The intrinsic and extrinsic transport 
properties of LiMnPO4 were improved by these factors working in tandem. 
 
3. The volumetric capacity of LiMn0.87Fe0.13PO4 was then increased by packing 
LiMn0.85Fe0.13PO4 nanocrystallites into dense aggregates and running a percolating 
carbon network through the aggregates. The carbon-percolated LiMn0.87Fe0.13PO4 
aggregates were produced by the heat treatment of Mn0.87Fe0.13PO4·H2O 
infiltrated with glucose and lithium acetate. The dense packing enabled the 
conductive carbon coating on the LiMn0.85Fe0.13PO4 nanocrystallites to be 
interconnected to form a continuous three-dimensional network for electron 
conduction. The porosity in the packed structure provided the complementary 
network for Li
+
 transport through the electrolyte. As a result, the volumetric 
capacity of LiMn0.87Fe0.13PO4/C aggregates (370 mAh/cm
3
) was ~224% of that of 
non-aggregated LiMn0.87Fe0.13PO4/C (165 mAh/cm
3
). Very good rate performance 
(116 mAhg
-1 
at 5 C rate) and cycle stability (95 % retention for 50 cycles) were 
also obtained with these modifications. 
 
4. A nickel-catalyzed process was then used to improve the carbon coating; resulting 
in further enhancements of the rate performance and cycle life of 
LiMn0.87Fe0.13PO4 (120 mAh/g at 5 C and 94 % capacity retention over 200 cycles 
vs 100 mAg/g at 5 C and 66.7 % capacity retention in the same number of cycles 
for a conventionally carbon-coated LiMn0.87Fe0.13PO4). The nickel-catalyzed 
process involved a series of reactions at different stages of the heat treatment. 
Nickel served two purposes in the synthesis. One was to oxidize part of the carbon 





Ni. The as-formed Ni then catalyzed the graphitization of the amorphous carbon 
coating. Through the investigation of the extrinsic and intrinsic transport 
properties of LiMn0.87Fe0.13PO4/C, it was found that the Ni-catalyzed process not 
only increased the electrical conductivity of the carbon coating through a greater 
extent of graphitization, it also created mesopores in the carbon coating to allow 
the Li
+
 the direct access to the underlying LiMn0.87Fe0.13PO4 surface. There was a 
trace (~ 0.4 %) doping of Ni
2+
 on the Mn
2+
 site which also increased the ionic 
conductivity of LiMn0.87Fe0.13PO4 by 1.5 times. The surface and bulk conduction 
properties for electrons and Li
+
 of LiMn0.87Fe0.13PO4 nanocrystallites were 
modified in this part of the work to improve the kinetics of delithiation and 
lithiation.  
7. 2 Recommendations for future work 
Carbon coating has been the main modification technique used in this thesis project to 
improve the performance of phospho-olivine cathodes. The structural properties of 
carbon coating such as pore size, pore density and the orientation of the graphitic 
layer (parallel or perpendicular to the crystallite surface) are expected to strongly 
affect the effectiveness of the carbon coating; although there has yet to be a 
systematic study to extract the causative relations. On the other hand, the charge 
transfer between the carbon coating and the phospho-olivine crystallite is very poorly 
understood at present, although it holds the key to the rational design of the carbon 
coating. Last but not least, carbon coating is often applied as physical deposition 
independent of the nanocrystallite surface properties but this research has highlighted 





and the quality of the carbon coating. This is clearly a research direction worthy of 
more efforts. Some of the ideas for future work are given below.  
 
1. Carbon coating was used in this thesis research to ameliorate the low electronic 
conductivity of phospho-olivine cathodes. The carbon coating was applied to the 
phospho-olivine nanocrystallite surface and performed primarily as nanoscale 
current collectors. Charges (electrons) are transferred across a poorly defined 
interface (or “interphase”) between the carbon coating and the phospho-olivine 
nanocrystallite surface. Based on the current understanding of charge transfer 
across interface without reactions, the energy level alignment between the 
conduction band of the phospho-olivine crystallite and the Fermi level of the 
carbon coating should be the key to “lossless” charge transfer but is rarely 
addressed in this research domain. The determination of the carbon coating Fermi 
level and the band structure of the phospho-olivine cathode by UV 
photoluminescence spectroscopy could be the first step. A good understanding of 
the charge transfer mechanism at the carbon-phospho-olivine interface can 
rationalize the design of the carbon coating for an effective charge transfer across 






Scheme 7.1 Alignment configurations of basal planes of the graphitic layer to the 
nanocrystallite surface. 
2. Chapter 6 shows that the structure of the carbon coating can have a strong bearing 
on Li
+
 transport properties. The optimization of rate performance should therefore 
involve the optimization of the pore size and the pore density of the carbon layer 
for facile Li
+
 diffusion, but without strong compensational effects to other 
functions such as electronic properties and phospho-olivine crystallite surface 
protection. For example, since Li
+
 diffusion is difficult across the basal planes of 
the graphitic layer, the basal planes can perhaps be aligned perpendicularly to the 
nanocrystallite surface, as shown in Scheme 7.1. This is conceptually similar to 
the use of nanotube arrays on an electrode surface to maximize the electrode 
response [282]. How this can be done with a low cost facile process then becomes 
the salient research question. The use of nanocrystallite surface chemistry to “seed” 
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